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SECTION 1

INTRODUCTION AND SMOM

1.0 Background

After a year of advanced current collection research effort

conducted under DARPA and ONR sponsorship (Contract N00014-76-C-0683),

the program was modified to reflect the optimism that significantly

higher current densities could be achieved for solid brush sliding

electrical contacts than had been previously predicted. The modification

of program direction also recognized the fact that the participation of

university research specialists could contribute beneficially to the

program, and that a portion of the program should be tallored to meet the

needs of the OUR SEGHAG machine research effort.

The expected results of the ongoing advanced current collection
research work will contribute to many sectors of DOD where high power

* density equipment is utilized. For example, in electrical machine designs
requiring current transfer from a rotating meLbr to a stationary rmber,

a high current dci Aty collector can substantially reduce overall machine
.eight and volume.

1.1 Obective.

The objectives of the advanced current collection research

program are keyed to teasuro success in both the SEG4AG %achine research
effort and the brush interface and material research effort.

For the SEHAG machine research effort, the program seeks to:

h. CIaracterize the broad spectrum of SEGWA candidate brush
6 2materials for operation at current densities up to 2.3 ' 10 A/M

2. Establish optimal desigu data for brush/ring system dynamics.



3. Create a theoretical brush interface heat transfer model, and

test it experimentally.

4. Establish limits of debris concentration in machine atmosphere

for satisfactory operation.

For the brush interface and material research effort, the

principal objective is to improve brush current density from the present

level of 1.55 HA/m to 7.7 MA/m2 , with an interim goal of 3.1 A/M2.

Successful achievement of these goals will require major improvements In

brush materials. The values of critical parameters which are established

for a nominal operating requirement for the interim and ultimate current

- . density goals are shown in Table 1.1 below.

TABLE 1.1 RESEARCI PRQGRAM GOALS FOR CRITICAL PANETERS

Interim Ultimate
Paameter GoPDId Goal

Current Density (HA/M3) 7.8

b4. Collector Surface Velocity (m/s) 15-75 25-75

Brush Material Life (uax, 1400 1400
velocity) (hr/in)

Pemonstratlon.Porod hr) 300 500

Losses (w/A) .25 .25

In order to demnstrato the results of the current Collection

research progrim, a model of a practical applicatiou vill be selected,

designed, constructed, aid tested in the program. The objective .ill be

to shuw the impact of the technology advancemaent in a defenso role.

1.2 Prior aid Rielated Vork

Prior uork under cettract N000l4-16-c--683 vas reported in the

first annual report and is summarized below.

The conduct of the test program required the use of five

conventional test rigs and two sophisticated test rigs specifically

C n~ m qummmm~mqn m mmm•mm m a s~ m m m 
m

rm
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designed for the program. These include four laboratory rigs for the

initial screening of materials and environments, one laboratory rig for

the testing of fiber brushes and two high speed, cooled rotor rigs for

the close simulation of developmental machine performance. All of these

rigs were operated in a comprehensive screening program to identify

materials capable of operating at high current densities.

o Brush material screening tests resulted in the selection of

four candidate materials for continued testing at high speed on the

cooled rotor test rigs, including three silver-graphite and one copper

graphite grades. Tests of various ring materials indicate that copper and

silver based alloys result in the lowest net power loss and longest life

for brush operation.

The development of a multi-fiber shunt was continued through

two iterations in preparation fnr dynamic tests against an operating

brush. Static tests correlated well with a mathematical description of the

voltage drop. These shunts were for replacement of conventional braided shunts

which are too bulky in high current density applications.

Five non-oxidizing gases, combined with water vapor, were tested

as the atmosphere for the operation of copper graphite brushes on copper

slip rings. Simiarly, a series of tests employing atmospheres of CO2 with

hydrocarbon vapor addition was run to examine the impact of various vapors

on the lubricating properties of graphite. Brush performance was found to

be dependent on the selection of the non-oxidizing gas as well as on hydro-

carbon molecular weight and vapor concentration.

It was recognized that multiple-contact brushes and fiber

brushes particularly were required, if substantially higher current

densities were to be realized. In the fiber brush work, principal efforts

were conducted in the areas of carbon fiber metallization and fiber brush

construction. A fiber brush test rig was commissioned and testing

undertaken. Tests wero accomplished with various atmospheres, but with no

forced cooling.

1-3



Fundamental research projects were divided into three areas:

a general state-of-the-art review, development of contact phenomena

information, and the establishment of technologically promising

approaches for the future of the program.

, In order to base the material research and development efforts

on the most up-to-date information, a literature review was conducted

in the relevant areas of the chemical and physico-chemical properties

of lamellar solids (mainly graphite and various dichalcogenides) and

their interactions with metal surfaces.

The impact of hydrocarbon vapors or water vapor present in the

atmosphere of graphite and metal-graphite contact systems was measured

experimentally. Resistance values as a function of contact force were

determined, and a power-law relationship was established.

Based on the results of screening tests, contact phenomena

experiments, atmosphere variation tests and the literature review, the

directions for new material developments were identified, with the

objective of reaching the program goals in the most effective manner,

Avenues to be pursued were shown to be promising in both new materials

and new structures for brushes, as well as advanced cooling* shunting, and

loading techniques.

1.3 Sumary of Current Progress

1.3.1 Materials Characterization

Brushes which were selected on the basis of earlier work were

subjected to longer duration, higher speed tests to confirm their

applicability to the segmented maguet (SEGRAG) machine program. The

focus was on silver-graphite brushes of a 752 by weight metal content.

Additional tests included high-speed screening of other compositions,

determination of brush material mechanical properties aud operation of

multiple brushes in the same track to observe current sharing performance.

In the brush tests, operation of silver graphite brushes was achieved

with losses 2-2.5 times the ultimate desired level for operation in the

1-4



3000 hp SEGMAG demonstration machines. The parallel operation tests

demonstrated the ability of a large number of brushes to operate

successfully at high current density in the same track.

1.3.2 Brush/Ring Dynamics

The conventional brush holder heuristic design restrictions have

been reduced to theoretical limitations by revealing brush performance

sensitivity to variations in contact load. Graphs of loss amplification

factors are supplied for the design engineer to apply to brush loss

4! calculations to account for load variations.

A theoretical model is presented to explain the electrical

performance of the Multiple Finger Shunts (MFS). The model follows the

fundamental contact theory of Holm and is presented with supporting data.

A brush actuation system prototype has been developed for

experimental use on the Advanced Brush System (ABS) test stand. The

actuation system ucilizes pneumatic cylinders for lifting and constant

force springs for fail-safe loading.

1.3.3 Brush Heat Transfer

No work was scheduled in this task area during the reporting

period. Preliminary efforts are reported.

1.3.4 Debris Removal/Atmosphere Control

A debris removal system prototype has been designed and built

for experimental use on the Machine Environment Brush (MEB) system test

stand. The system utilizes the machine cover gas to transport the

airborne brush debris outside the machine wheze the gas is filtered,

cooled, humidified. and then returned to the machine.



1.3.5 Contact Interface Investigation

An evaluation of experimental data for a range of silver-graphite

brush materials run on copper slip rings in non-air atmospheres has

been undertaken. The major contribution to the electrical contact

resistance was found to be provided by the constriction resistance,

with the film resistivity being relatively small (< 6 x 1013 ohm m2 ).

The frictional behavior, based on the assumption of an adsorbed water

film, was consistent with an average film thickness of one or two

monomolecular layers. The niost notable unexplained feature was that
3the brush wear rate changed by a factor of a hundred (from 0.7 mm /Mm

to 70 mmn3/Mm) as the brush metal mass friction was doubled from 0.45 to

0.90. To date, a fully satisfactory explanation for this has not yet been

developed, although a model is at present under development.

Experimental studies, using Auger techniques, confirmed that
0

some portions of the bulk slip ring were within 10 A of the film

surface. Further studies using high vacuum techniques are presently

underway to further elucidate the mechanism of film formation.

1.3.6 Multi-Element Brush Research

Techniques have been developed for coating and assembling brushes

using carbon fibers. Experimental tests with these brushes have been

undertaken in a variety of atmospheres and levels of humidity at current
2

densities up to 4.65 MA/m . Extensive tests at lower current densities

1.55 RA/OM 2 showed that a significant polarity difference (with the

positive voltage drop being 3 to 5 times greater than the negative voltage

drop) was present in "wet" air atmospheres, but not in "dry" (i.e., low

humidity) conditions. In helium atmospheres, polarity effects were

less evident, for reasons which have not yet been determined.

Development of a general theory for multi-element brushes is

presently underway. The results obtained to date demonstrate a clear

advantage for the multi-element approach so far as contact resistance

is concerned. Tit development of a model for friction and wear in

1-6



multi-element contacts has also been initiated, and is described here.

In parallel with this theoretical development, an experimental multi-

element brush unit has been built and is being prepared for testing.

1.3.7 Monolithic Brush Material Research

During this reporting period, efforts were primarily devoted

to the preparation and evaluation of metal-coated graphite, oleophilic

graphite and phosphate-impregnated graphites. After metallization,

bulk resistivities which were significantly lower than those of

brushes produced by powder metallurgy techniques or metal infiltrated

graphites were measured, as a result of the three-dimensional metal

matrix within the brush.

Slip ring tests with a variety of powder-metallurgy produced brushes
2were undertaken at current densities up to 2.3 MAIm (and more recently,

at current densities up to 10.85 MA/m2 _ a level 40% beyond the
p. ultimate goal for this program). Emphasis is now directed towards

reducing electrical and frictional losses and reducing wear rates.

1.3.8 University Investigations

During the period covered by this report, investigations have

been initiated at three universities -- Northwestern, MIT, and Syracuse.

The efforts at each location emphasize differing, but complementary,

aspects of the major program goal. Work at NWU centers around an

extension of thermo-elastic stability studies to brush conditionso and

an initial study has been completed. Emphasis at Syracuse will be

on investigations of surface films using advanced diagnostic techn14ues,

and existing Auger apparatus is presently being modified for this

purpose. Work at MIT is directed towards materials science aspects of

friction and wear with metal-graphite materials under representative

conditions of current transfer.

Substantial and significant contributions to the program are

expeeted from these ilvestigaions in the next contract period.



1.3.9 Demonstration Machine Program

Initial contacts were made with U.S. Army TARADCOM for assistance

in preparing for the selection of candidate platform characteristics

which will define a current collection demonstration model. It is

expected that appropriate vehicles will lie in the 650-1000 hp engine

power class.

1i
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SECTION 2

BRUSH APPLICATION (SEGMAG) RESEARCH

This research program supports the Segmented Magnet (SEGMAG)

Machine Research Program sponsored by the Office of Naval Research by

providing current collection system design data and experimental verification

of current collector system performance estimates. To fulfill these

requirements, task efforts have been undertaken in the areas of brush

testing, brush/ring dynamics, brush heat transfer, and brush debris

removal and atmosphere control. All of these areas will require signifi-

cant analytic and experimental effort to provide full confidence in the

operation of the first demonstration SEGMAG machines, a motor and generator

at 3000 liP.

Of greatest significance during the reporting period was success-

ful testing of prototypic brushes in a demonstration machine. The initial

development of high-power-density homopolar motors requires brushes with
22a continuous running capability of 155 A/cm (1 kAin2 ), a large percentage

ring cover by the brushes, and many parallel brushes transferring large

total current loads. Testing was achieved with a unique machine environment

brush tester, the only known electrical machine in the world that uses

brushes at 155 A/cm2 continuously. Evaluation runs of up to 170 It were

made with a full complement of silver-graphite brushes (92 brushes; 46

parallel brushes/polarity) and withi a total load current near 10,000

amperes. Successful brush-slip ring performance is attributed to a

careful selection of brush materials, to running in an oxygen-free gas

environment, and to efficient use of brush-ring cooling. Continuous

operation of monolithic brushes has been successfully advanced from

12 A/cm2 (80 A/in2 ) to 155 A/cm2 (I kA/in 2), with significant improvements

in the interface enorgy loss and contact life. Neither energy loss density

nor wear were degraded as the number of test brushes was increased to the



full complement level. Over one year average brush life was demonstrated

under conditions of 42 m/s (8300 ft/min) collector ring velocity and

52% ring coverage by the brushes.

While work is continuing to develop unconventional brush materials

leading to more efficient current transfer and to meet a new higher
2 2

current density goal of 230 A/cm (1.5 kA/in ), the present brush per-

formance results are of principal significaace in relationship to the

developments of the high-power-density dc SEGMAG machines.

The following sections describe more fully the work accomplished

in all the tasks associated with providing current collection systems

appropriate to the design of SEGMAG machines.

2.1 Materials Characterization

2.1.1 ObJectives

The objective of this task is to conduct screening and long

duration tests of brush materials which are candidates for operation in

SEGMAG machines. The ultimate goal is support of current collection

system with 2.3 x 106 Alm2 (1500 apsi) interface capability. The interim

goal is to support current collection systems for a 3000 hp SEGMAG motor

and generator with a 1.5 - 106 A/m2 (1000 apsi) interface capability.

2.1.2 Prior and Related Work

In work reported previously, large numbers of commercially

available brush materials were screened to identify the most promising

candidates for further high current tests. The grades which yielded the

best combination of low wear and low losses were metal-graptite grades

with compositions containing metal weight percentages between 55 and 80.

A composition of silver-graphite with 75% silver by weight was particularly

attractive in prior tests. This material was considered the prime SEM G

candidate after the first year's effort. Hiowever, it 4s recognized

that lower cost matevials will be necessary in the long-Arm and must be

developed.



2.1.3.1 Material Properties

A desire in high current density solid brush current collection

is to theoretically predict the performance based on operating conditions,

geometry, and material properties. The purpose of the material properties

investigation was to provide the mechanical strength portion of the

material properties for a group of metal graphite brushes. There were

seven grades of copper graphite and seven grades of silver graphite brush

materials examined, both metals ranging in weight percent from fifty-five

to eighty-five in five percent increments*

The metal graphite brush materials were very brittle (maximum

compressive strains were generally less than 1Z) and exhibited non-linear

stress-strain relations, much like very soft copper. Therefore, it is

impractical to determine elastic properties (modulus and Poisson's

ratio) for these materials without specifying the load. The yield stress

should be defined at a given strain, rather than any offset value.

From the :est results and a consideration of material use, the

hardness measurement of the material is the most desired and economic

mechanical property to be measured. Also, the 15-W Rockwell superficial

scale is the most sultable to cover the material hardness.

2.1.3.2 Test Results

The significant test efforts conducted during the reporting

period were aimed at demonstrating the operation of brushes under machine

sliding speed and current density conditions and at deonstrating the

ability to operate multiple brushes in the same track with good current

sharing. The highlights of the test results are described below.

A. Machine Speed and Current Density tss. For these tests,

the Advanced Brush System (ABS) Tester and the achine Environment Brush

(HEB) tester were employed in a series of tests which simulated the 3000 hp

SEMIG.c motor and generator speeds and current densities. In the ABS tester,

current is supplied by a full wave rectifier dc source and the rig is

powered by a variable speed dc motor. Tho NED tester is a drum-type
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homopolar machine, driven by a wound-rotor induction motor. Silver-graphite

brushes of metal weight percentage ranging from 55 to 85% were tested

during the reporting period. The MEB rotor is a smooth copper drum,

while the ABS rotor has been slotted to simulate the bar arrangement of

the 3000 hp SEGMAG machines. In the ABS, the brushes were mounted as

shown in Figure 2.1, with the brushes at a 150 trailing angle; that is,

the brush longitudinal axis made a 15* angle with the radius of the rotor.

The ABS utilizes four brushes per holder, and there are two holders in

the test chamber, one for each polarity. The brush current is transferred

to the holder by a Multiple Finger Shunt (MFS).

In the MEB tester, the brushes are supported radially, with no

lead or trail angle. Brush current is transferred from the brush to the

stator through "pigtail" shunts of copper wire tamped into the brush.

There are two brush tracks per polarity, with a capacity of 23 brushes

per track.

The use of the ABS and MEB rigs permitted testing at sliding
velocities which duplicate the 3000 lip SEGHAG motor (35.5 m/sec, 7000 ft/min)

and generator (71.1 m/seep 14,000 ft/min) full load conditions. The brush

pressures were varied from 104.5 k3 a (15.2 psi) to 52.3 kPa (7.6 psi) to

investigate the effect of loading on performance. Figures 2.2 and 2.3

reflect the results of the high speed, 1.5 106 A/m2 (1000 apsi) tests.

As indicated on these figures, the best loss performance results obtained

in the reporting period were within 2-2.5 times the goals established in

the SEGRAG machine program. As was the case in the earlier, slow-speed

screening tests, the beat performance was obtained with silver-graphite

brushes in the metal weight percentage range of 65-80t.

Subsequent to achieving the loss level described above, planning

atd analysis were undertaken to establish the necessary directions for

reducing the brush losses by one-half. lte most obvious direction was

the reduction in friction loss which would accrue to the use of reduced

brush pressure, since the distribution of the losses has generally shown

the friction loss to be more than one-half of the total. The difficulty
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in reducing brush pressure in high speed systems lies in dynamic factors

which result in an inability of the brush to follow the ring closely,

resulting in a widely fluctuating loading pressure. In the ABS and MEB

tests, operation below 8 psi resulted in a fluctuating contact voltage

drop, indicating a loading pressure variation which approached the

spring-applied loading pressure. The ABS tester was then instrumented

to establish the dynamic pattern of load variation, with the intent of

correcting this load variation to permit reduction of the applied pressure.

A literature search for experience in the area of brush loading stability

was undertaken, resulting in the bibliography of references 2.1-2.13,

many of which required translation. The dynamics of the brush/ring

system are under investigation as described in Section 2.2; however,

utilizing the analytic approach developed there, it was possible to

speculate on the performance improvement which would be possible, if the

load variation could be controlled. The accelarometers on the ABS also

showed that some stiffening and realignment of the test rig was necessary

to correct vibration of the stand and holders. This vibration, coupled

.W with poor dynamic coupling of the brush/ring system was identified as the

major source of the inability to achieve stable, low loading pressure

performance.

In order to predict the improvement possible with reduced load

variation, it was assumed that at 50 kPa (7.5 psi) arcing occurs, due

to the brush momentarily leaving the rotor surface. from the techniques

described in Section 2.2, a variation in load of 50 kPa would result in

an estimated contact force variation of 67% at 104.5 ka and 502 at

78.5 kPa. The corrosponding average voltage drop increases are 261 and 12%,

respectively. For the test data in figure 2.3, the loss associated with

operation of 65% by weight brush at 104.5 kPa would th's be 1.9 J/cm 0,

L vice 2.3, it all variation was removed. The loss associated with operation
of the 702 by weight brush at 78.5 kPa gould be 1,8 3/cm "m, vice 1.9.

. Tie combined elimination of load variation and reduction in lo.. pressure

from 78.5 to 50 kPa would result in a loss of about 1.8 J/ca2m (700 1/in2),

which as been demonstrated in this pressure range.
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A second factor which prevented reduction in brush losses

during the reporting period was a higher than predicted contact voltage

drop, apparently due to the establishment of a silver film on the slip

ring surface which was heavier than the optimum. At the beginning of the

tests, contact voltage drops were typically .2V (avg. positive and

negative), which was somewhat higher than had been achieved on the smaller

rigs (.l-.15V avg.), and this drop increased as a test series proceeded,

at times reaching .3 V avg. It was felt that some control over the

film growth could be obtained with the addition of a small amount of

cleaning material in the brush body. Preparations were made for the

supply of silver-graphite brushes containing such additives for testing

early in the next reporting period.

It was concluded at the close of the reporting period that,

in order to reach the design goal for losses in the 3000 hp SEGMAG motor

and generator, it would be necessary to insure stable dynamic brush

performance, reduce the loading pressure below 50 kPa, and control the

* film thickness. Additionally, some other additives, notably the dichal-

cogenides described in Section 3.3, under the material research portion
of the program, will be utilized to improve the friction characteristics

of brush performance.

B. Tests for Operation of Many brushes in Parallel. These

tests were conducted with the Machine Environment Brush (MEB) tester,

which is a homopolar machine previously described in the First Annual

Report. Graphite brushes containing nominal 0.75 weight fraction silver

were tested during the reporting period. This brush composition was

selected because previously determined performance of similar material

brushes was judged to be near the optimum, based on smaller scale (one

brush per polarity), lower peripheral speed (13 m/s), and lower current

(78 A/cm2 ) laboratory tests. The first MEB brush test run was made with

only four brushes per polarity or ring (9% circumferential coverage).

Subsequent tests were made with greater numbers of parallel-connected

brushes, to a maximum of 23 brushes per ring (52% coverage). Finally,

a full machine complement of brushes (92) was tested, involving 23

: brushes per ring and 2 rings per polarity.
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The total brush load current was increased as the number of

test brushes was increased to achieve a constant current density
2

(155 A/cm ), the 3000 hp machine goal. The test runs reported here were

relatively short in duration (6 h), but most were duplicated. Longer

duration runs (48 to 170 h) were made with 15 brushes per ring, because

v that operating condition represents typical ring coverage (34%) for

the advanced design homopolar machines of interest. Other pertinent

test operating conditions are presented along with the performance

curves.

The results of these tests are summarized in Figures

which serve to illustrate the excellent current sharing capability of the

brushes operating at high current density in a controlled environment.

The principal findings of this test series can be described as follows:

a) Both total contact resistance (Figures 2.6 and 2.5) and

contact resistance per brush (Figure 2.6) decreased as the number of

brushes per ring was increased. This was possibly due to the greater

U,, silver transfer to the copper ring as the number of brushes (and load

current) were increased.

b) It was observed that quite uniform silver films were

deposited on the chrome-copper alloy drum by the brush operation. In

general, the film is thicker on the cathodic ring track. This surface is

the one which would be favored by ionic conduction of positive silver

ions.

c) The percentage of the total interface loss which is

attributed to the electrical component, vice the friction component,

decreases as the number of brushes per ring is increased. As the number

of brushes per ring was varied from 4 to 23, the percentage of the total

loss due to the electrical effects decreased from 42 to 23Z and 28 to 11%

for the anodic and cathodic brushes, respectively.

d) Comparison of short time (4-6 lirs) and long time (48 hrs)

test results showed similar contact drop and friction coefficient values.

Brush life values for long-term runs were on the order of 20,000 hr/in

cathodic and 10,000 hr/in anodic.
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e) A test run was conducted in humidified argon gas to verify

earlier low-loss experience with this atmosphere. The results are shown on

Figures 2.4 and 2.5, and a 22% loss reduction was indicated by the test.

This suggests that a mixture of CO2 for arc suppression and A for improved

brush performance may be the preferred SEGMAG machine environment.

2.2 Brush/Ring Loading

2.2.1 Objectives

The objective of the brush/ring loading research is to develop

a method to control brush loads to acceptable values. Selection of proper

mechanical loading is necessary to assure satisfactory brush operation in

rotating electrical machines. Irregularities in the moving surface

produce forces such as brush inertia and holder friction which alter the

contact force. The range of force variation depends upon controllable

factors in the brush system design.

OP

2.2.2 Prior and Related Work

Most of the previous work was done in the area of current

transfer from the brush to the holder (brush-to-holder shunt). The

conventional shunt size cannot be maintained with brush body current

densities in the range of 1.55 MA/m2 (1000 A/in2) and higher. The large

shunts which are necessary to preserve low voltage drops and acceptable

temperatures are found to be heavy and stiff. Brush body voltage drop

may also become a significant contributor to electrical power loss.

With bulky shunt leads, it is difficult to avoid adverse mechanical

restraint of the brush by the shunt, and this in turn prevents achievement

of the contact load control necessary for good brush performance.

The electrical shunts have progressed through two generations

of development. The first generation shunt was described In a similar

report submitted to ARPA in September 1976.(2" 4) This shunt configuration

was composed of circular brass fibers drawn into brass blocks and then

silver plated. The bundles of brass fibers were found to be too stiff and,

as a result, only a friction of the fibers carried the current. A second
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generation shunt was developed to obtain a more flexible contact. The

second generation shunt performance, as well as the supporting theory

was presented in the first annual technical report submitted to ARPA for

the period ending 28 February 1977. Additional information pertaining to

a third generation shunt that was developed for a particular machine

application can be found in reference' 2.15. A general review of the multiple

contact theory along with appropriate data can be found in reference 2.16.

2.2.3 Current Progress

2.2.3.1 Finger Contacts

A multiple finger shunt (MFS) has been developed for use in the

Advanced Brush System (ABS) test stand. A photograph of this shunt is

shown in Figure 2.7 and a photograph of the shunt as positioned in the

ABS brush holder is shown in Figure 2.1. The shunt and holder arrangement

is shown schematically in Figure 2.8.

The MFS shunt has endured hundreds of hours of operation on
22

ABS brushes operating at 1.55 HA/m (1000 A/in2). No measurable indications

of wear were found either on the shunt contacts or the brush. There was,

however, a change in surface texture that identified the path of the

contact points on the side of the brush. The long-term shunt wear is

expected to be low because both the contact load and the travel distance

are small.

The high current density brush testing has demonstrated an

advantage of using the MFS in the simplification of the brush manufacture

and the ease of brush replacement. Without the conventional 'pigtail"

shunt, the brushes are simply rectangular blocks of brush material. Lead

times on new brush materials has been reduced since shunt fabrication

has been eliminated. The MFS is also easily removed for inspection or

replacement since a simple bolted assembly is used for installation.

The MPS shown in Figure 2.7 was made from commercially available

strips of silver-plated beryllium copper contact fingers. The finger

contact strips were stacked and soldered to copper spacers to form an
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array of 72 contact points in a 21 mm (0.84 in) by 13 mm (0.50 in)

area.

Since the first annual report (for the period ending 28 February

1977) much has been learned about the fundamental nature of the contact.

Static test results from the MFS reveal that the contact resistance

should be modeled as two resistance components rather than one as was

previously done.

The electrical contact between two solid conductors is understood

to occur through a number of very small areas which are part of the

mechanical interface of the two mating surfaces. The electrical contact

resistance is composed of a constriction resistance plus the effect of

any film that may exist at these conducting locations. For a given

material and film, the resistance depends on the number and size of these

contacts. For metallic surfaces, the resistance has been demonstrated to

follow an inverse power relationship with applied forcet (
2 17,2.18)

:%r 1  = clf 1  (2.1)

r2  C 2f (2.2)2 2

where r is the component of contact resistance corresponding to the

contact force f, and C and k are constants which depend on material

properties and the nature of the surface. The subscripts are "I" for

constriction and "2' for film.

If two or more sets of these contacts are electrically connected

in parallel, they will share the current just as parallel resistors in a

circuit. For n identical contacts with a total force 1 1 nf, the overall

resistance will be:

* (r1 + r 2 )/n (2.3)
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From Equations (1), (2), and (3), the resistance becomes:

k /k

R CF 1 / l+k + C2F 2
/ n n(2.4)

It can be seen, that for values of k less than 1, an increase in the

number of contacts will reduce the total contact force required to

achieve a given value of resistance. For certain contact geometries,
(4)Holm has found values of ki m -1/3 and k -2/3 for light (elastic)

loading and kI = -l/2 and k2  -1 for heavier loads where plastic flow

determines the real contact area. The gross shape or conformability of

the individual contacting members may influence the distribution and

number of contact points at a given load. For closely mated or flexible

bodied members, the number of contacts may increase with load, and

this will result in larger negative values for k.(2 .19 ,2 .20 ) The flexibility

of the asperities, the average separation distance, and the conformability

,. of the contact members will determine this relationship.

Static tests were performed on a shunt like the one shown in

Figure 1. The silver contact surfaces were cleaned with acetone followed

by ethyl alcohol and a water rinse, a few hours prior to testing. Steel

wool was used with the acetone to lightly abrade the surface film in

order to assure coneistent test conditions. Clean paper towels were used

to dry the contacts. For comparison, a test series was performed on a shunt

assembly which was not abraded with the steel wool but had been exposed to

laboratory air for at least three months prior to the test to allow build-up

of surface film. No significant difference was observed In the resulting

measurewits.

Figure 2.9 is a schematic of the test arrangement for the sliding

contact shunt. The shunt was attached to a stationary metallic heat sink.

The Wting contact member for the test shunt was another heat sink and

was silver plated. This member was suspended by a cable which permitted

motion normal to the shunt without introduction of measurable force.

The contact load, F, was measured with a strain gauge mounted on a
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cantilever. Direct current was supplied by a regulated power source.

The sliding contact shunt resistance was determined from voltage and

current measurements indicated in the Figure 2.9 schematic.

The results of the testing are shown in Figures 2.10, 2.11, and

2.12. Figure 2.10shows typical measurements of shunt voltage drop versus

current at three contact loads. The contact drop was measured for both

increasing and decreasing current levels at each value of contact load.

Figure 2.11shows the measured values of resistance as well as the

theoretically predicted relationship. Each point shown on Figure 2.11

represents the average of four points of data at each load value. The

theoretical values of resistance are shown to be composed of a constant

body resistance plus load-dependent film and constriction resistance

components.

To separate the resistance components, the body resistance of

the fingers was first determined by direct measurement. Thie was

achieved by soldering the contact surfaces to a metal plate so that film

and constriction resistances were eliminated. The constriction resistance

was then calculated for each test value of shunt load, and the film

resistance was determined as the remaining balance.

For the spherical contact of the finger loaded against the flat

plate, the radius of the contact area for each finger is: (2.17)

l/3
a l.l (2.5)

where x is the spherical radius of curvature (0.047 in, 1.2 mm) and E is

the elastic modulus (11 x 10 lb/ni 7.6 x 1010 N/M 2 -2 1 ) This model is

based on elastic theory and assumes that the silver plating determineu the

material characteristics of the interface,

The constriction resistance is: (2.17)

S2a (2.6)
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where p is the electrical resistivity of the contact material (0.63 x

106 9 in, 1.5 x 10- 6 i cm).8  Equations (2.5) and (2.6) are combined to

determine the following constants for Equation (2.1)

~1/3
C = _2 E (2.7)1 2.2 x

k -1/3 (2.8)
1

These constants were used to calculate the constriction

resistance for each point of data and the resulting values of film resis-

tance by difference, are shown in Figure 2.12. The broken line represents

a linear regression analysis curve fit for the actual data. The regression

* coefficient for this analysis is 0.88.

4, The film resistance is:

eS

r 2  2 - (2.9)
ira

where c is the film tunnel resistivity. Equations (2.5) and (2.9) are

combined to determine the following constants for Equation (2.2):

2/3
c --- (2.10)

2 .21u n

k2  - -2/3 (2.11)

As a result of the regression analysis, the value of tunnel resistivity

was found to be c - 5.5 x 1010  SI in2 (3.6 x 10 "13 2 at the 10 lb

* (4.4N) load point. The solid line in Figure 2.12was then determined from

the theoretical relationship for the film component of Equation (2.4)

using the above value of resistivity and n - 72 contacts. Based upon

the correlation of the experimental results with the theoretical values

of k -1/2 and 2  -2/3 for elastic conditions, the theoretical

relationships usit these values are shown for the film and constriction

components in Figure 2.11.
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Equation (2.4) shows that the film component becomes a larger

fraction of the total contact resistance as the number of contacts

increase and as the total contact force decreases. The relative impor-

tance of the film as well as the body resistance components can be seen

in Figure 2.11. The experimental results conform to the theoretical

relationships which correspond to elastic contact theory (kI = -1/3,

k = -2/3). Figure 2.13 displays the theoretical effect of the number of2
contact fingers on the component resistances. It can be seen that

increasing the number of contacts beyond 75 to 100 produces only a small

reduction in the silver-on-silver contact resistance. The same contact

resistance values would occur at a slightly greater number of contacts

* ,with the higher resistivity brush material.

The film resistance was found to be quite small, even for one

sample that was not abraded with the fine steel wool during cleaning.

This is probably due to the soft nature of films on silver and due to the

slight sliding motion that occurs between the contacting surfaces as

the fingers are bent during the application of load. Reversal of the

current direction had no effect on the measured contact resistance.

Methods to further reduce all three resistance components are desirable

and are presently being pursued. The body resistance of the fingers can

be reduced by silver plating. If the brush is not silver platzd, the

film and constriction resistance can be reduced by increasing ;.he number

of contact points, In the application of the shunt to a typical high

metal graphite brush material, the constriction and film resistance are

expected to be somewhat larger than the values determined for the .silver-

plated test contact.

When two different contact material are used, Equations (2.7) and

(2.10) can still be used except that the following material properties should

be substitutedi

- 2 E E b/(E + £.) (2.12)

+ - (o ) + /b2  (2.13)
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where the subscripts s and b refer to the shunt (silver) and the brush

materials, respectively. (Poisson's ratio is assumed to be 0.3 for both

materials, since the importance of this variable is small.)

2.2.3.2 Variation in Load

For a given brush system configuration, selection of proper

brush mechanical loading is necessary to assure satisfactory operation

and to minimize brush power loss. Generally, brush contact loads are

designed to remain reasonably constant during machine operation.

However, in the real application, rotor eccentricity and irregularities

in the moving surface produce forces such as brush inertia and holder

friction which alter the net contact force. A method has been developed (2 '22)

to determine the brush performance sensitivity for contact force variations.

Power loss at the brush interface is composed of frictional and

electrical components. The electrical loss can be differentiated further

to that caused by constriction and film voltage drops. With increasing

brush loading, frictional power loss increases, but electrical losses are

found to decrease, due to the greater real contact area. The total

loss, which is the sum of these two components, will have a minimum value

for the optimum contact load.

As shown below for metallic brushes, the various components of

brush interface power loss, P, may each be expressed in the form:

P C (2.14)

where C and k are constants and F is the force at the sliding contact.

For example, the brush frictional power loss, P,, is,

Pf = svF (2.14)

whore u and v are friction coefficient (assumed to be independent of

force) and sliding velocity, respectively. In this case, C u v and k -

1.0 when expressed in the fotm of Equation (2.14).
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It would be expected that the mechanism of current transfer

at a sliding contact interface is fundamentally similar in nature to that
of a static contact. (2.17,2.18) That is, the current transfer still passes

through a few very small '"ridges" (which may continually vary in position

on the brush face) which occur as part of the total contacting surface.

The film and constriction resistance occur at these "bridges". The same

analytical model may be used, therefore, as is used to define static

contact resistance. For light brush loads (elastic contacts), the

constriction resistance R1 may be expressed as: (2.17)

R1 - a1 F 113  (2.16)

where aI is a constant which depends upon the contact materials and

surface geometry. The corresponding electrical power loss due to

constriction is:

A. P 12 a F -1/3  (2.17)

where I is the electrical current passing through the brush. For the
i2

elastic constriction, the constants in Equation (1) become C 2 a1

and k w -1/3.

In the theoretical models for contact resistance, the film

resistance is shown to be inversely proportional to the area of the local

contact spot, whereas the constriction resistance is inversely proportional

to the radius of the assumed circular contact area. This leads to the

following form for the film resistance expression:

. a2  (2.18)

where a2 is a constant for the specific brush interface. The film

resistance then results in a power loss of;

P 2  1 a1 (2.19)
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P,

and the constants in Equation (2.14), for elastic film resistance, are
2

C = I2a 2 and k = -2/3. When the local contact points are assumed to be

fully plastic, the constriction and film resistance becomes;

-1/2 (2.20)

and

a 2 F- 1  (2.21)

The corresponding power loss expressions are;

2 -1/2

P1  I a F (2.22)

and

-12a F (2.23)

The constants for use in Equation (2.14) for these and the previoas

expressions are summarized in Table 2.1.

TABLE 2.1

CONSTANTS FOR USE IN EQUATION (2.14)

Contact
. ype of Loss Model C k

Frictional UV 1.0

Electrical Constriction elastic I2al -1/3 -3/5
plastic I2ai -1/2 -3/4

Electrical Film elastic 12a2 -2/3 -4/5

plastic 12a2 -1 -1

In the contact models used above, the number of contact spots

has been assumed constant and independent of load. In reality, the number

of contacts probably increases with increasing load and this alters the
(2.*10)

apparent values of k. Archard has proposed a model in which both the

number of contacts and the area of each contact increases with increasing

load. Ills model predicts higher negative values of k when the number of
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contacts increases with load. These values are presented as k' in Table 2.1.

A more complex model 2.20) presented in later publications yields even higher

values of k approaching negative one. One can, however, empirically
determine C and k if variations in load are held below certain values

as will be shown later.

The instantaneous power loss, Equation (2.14) will vary if the

contact force varies either as a function of time or geometric position.

The average power loss may be determined for various force relationships

and different values of k.

Average power loss is considered for two brush applications:
first, a commutator, and then a slip ring application. For a commutator

application or a single brush on a slip ring, the current is considered

to be collected at a single point on the rotor circumference. Assume

also that the current I, is constant since the collection site is elec-

trically connected in series to other brush sites and the overall circuit

impedance is dominated by other components of the machine system. The

brush interface power loss, P, can be expressed as:

P I- R (2.24)

where R is the contact resistance. Contact load variation will produce

a corresponding resistance variation as a function of time, t. The

average power loss, P, can then be found as:

i -, t

P - - P(t) dt (2.25)
t

0

As shown previously in Equations (2.17), (2.19), (2.22), and

(2.23), the general expression for the components of electrical power

loss is:

P 12 a Vk  (2.26)

We will first eaxmine a sinusoldal load variation as a function of time.:
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F = F (+X sin wt)k  (2.27)0

where F is the nominal brush load, w is the frequency of the force
0

variation, and X is the amplitude of force variation as a fraction of

nominal load. This varying force may be substituted into Equation (2.26)

to yield an expression for the power loss as a function of time:

P - 2 a Fk ( + X sint)k (228)

The average power loss, Equation (2.25), becomes:

S 12a F (1 + X sin t)k dt (2.29)
0 2

where the integral is taken over the time interval for one typical

complete cycle. Then:

.P Po 0 (2.30)

where Pi s the power loss for a constant brush load, F0 and:

- + X sin WO k dt (2.31)

The term Y, whidh isa function of k (the exponent on force) and .X (the

magnitude of the force variation), is seen to be an amplification

factor by which tho uominal power lo. is multiplied to account for

variatle load.

For the slip ring application, the current collection is assuzed

to be distributed around the full rotor Vrcumfereece. For simplicity,

the voltage drop between the rotor and tIe brusi1 is assumed to be constant.

The resistance will vary along the circcwference ok Lho rotor slip ring

as a function of the angle, 0, when the contact force varies due to such
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things as rotor eccentricity coupled with brush inertia. For a given

rotor eccentricity, the force distribution relative to the rotor will

be constant, although it will rotate relative to the stationary frame

of reference.

Since the voltage is assumed constant and the resistance varies

along the circumference, the current will redistribute and reduce the

significance of the resistance variation. The effective resistance will

be the inverse of the cumulative conductance along the slip ring circum-

ference. If the distributed resistance, o, is used for either the con-

striction of film components, then the cumulative conductance will be:

r 2n dA
IG - ;(2.32)

0

where A is the slip ring collection area. Then, since:

dA - A ,(2.33)

the effective resistance is:

R - ---- (2.34)

As in the force relationships shown above, the following geueral rela-

tionship may be found for distributed resistance:

U - c pk (2.35)

where c is a constant and p is the contact pressure. For a sinusoidal

vaiation of pressure along the circumference, the average power loss for

this geometric variation Is found from Equations (2.24), (2.34), and (2.35).i .2*

dO

(1+ sin 9)k(2.36)
2Wk

!. :.: P o /(1 + X sin })k

Ate- (c p0k /A).
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We may now define an amplification factor Z such that:

P =P Z (2.37)

In Figures 2.14and 2.15, values of Y and Z are plotted as a

function of k and X for a sinusoidal force variation. For the commutator

application in Figure 2.16, the ordinate has been expanded to clarify the

relationship for values of k in the zero to positive one range. Values

of k beyond the range of those shown in Table A are presented to demonstrate

the mathematical relationship.

Figures 2.17 and 2.18 are plots of Y. and Z.. , respectively,

as functions of k and x where the force variation is a step functiou that

is, a square wave relationship. Sinusoidal variations are typical of

brush inertia effects while step variations are caused by brush side

friction. If one assumes a load variation that is a square-wave relationshipt

typical of brush holder friction, the commutator power loss is expressed as:

P P Y (2.38)~o

and the slip ring power loss is

) w P Z. (2.39)

In this case, the amplification factors are:

. . X)k +, ( X)k (2.40)
2

and

(I + .. 2 . ......- k (2.41)(l+X)' (1i-X) "

As en example, aSSume an electrical contact loss is inversely

proportional to contact force (k * -1.0) in a coumutator application.

Also, the brush system is designed such that the brush inertia coupled

vith the rotor eccentricity yields a variation in contact load of 475%.
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That is, if the average brush pressure were 2 psi, the maximum would be

3.5 psi and the minimum would be 0.5 psi. From Figure 2.14 at X = 0.75 and

k -1.0, Y is found to be 1.5. The corresponding electrical power loss

associated with a 75% variation in load is 50% higher than the loss for

a constant load.

It is seen in Figures 2.14 through 2.18 that a limit to brush

contact force variation may occur prior to physical separation and arcing,

since interface power loss and contact drop may become excessive.

However, careful brush system design will limit the amplification of power

loss. For example, inertial forces can be reduced by reducing the brush

length and the effective mass of the shunt and the brush loading system.

Close control in the machining, inspection and balancing of the rotating

current collection surface, and in selection of the bearings to maintain

concentric smooth rotation, will minimize the amplitude of brush

acceleration. Holder friction should be minimized provided that the

brush mechanical stability can be maintained. The benefit of brush

- ,~ segmentation will theoretically depend upon the wavelength of the surface

irregularities, since a thicker brush may bridge very local surface

irregularities.

It should be noted that abrupt surface irregularities or high-

frequency variations such as that caused by tool chatter during machining

will have a greater effect than an equal amplitude of variation which

occurs only once per revolution (such as that due to rotor eccentricity).

If the brush does not bridge the irregularity, the acceleration force will

be proportional to the square of frequency. For example, a sinusoidal

variation of amplitude e, which completes a full cycle in one revolution

of the collector surface, will result in a contact force variation of:

m e (nw) (2.42)

where w is the rotational speed, and m is the effective mass of the

brush, shunt, and loading system. To demonstrate the significance of the

frequency effect (U2), consider eight sinusoidal geometric disturbances
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around a slip ring surface. For this slip ring, an eccentricity amplitude

of only 0.08 x 10- m (0.032 x 10- in) would produce a force variation

equal to that of a one-per-revolution eccentricity of 5.1 x 10-5 (2.0 x

10 in). The strong effect of angular speed on the force variation and,

therefore, on the value of X in Figures 2.14 through 2.18, is a probable

factor in the increased brush voltage drop that has been observed with

increasing rotor speed. For the same reason, if the friction coefficient

is not constant as assumed in Equation (2.15), but is a function of

force, then a variation of friction coefficient with speed may be predicted.

For the experimental evaluation of new brush and slip ring

materials, or new brush holders, it is often convenient because of cost

or material availability to use smaller slip ring diameters than that of

the machine application. This is generally compensated by increasing the

rotor speed to achieve the same sliding velocity, so that the brush

frictional power loss is duplicated if the brush contact pressure is

maintained. As shown in Equation (2.42) above, this increase in angular

speed can increase the inertial force variation unless the eccentricity

*: is greatly reduced, and this will result in higher observed brush voltage

drop and power loss.

In applications where both the inertial and holder friction

modifications of contact load are found to be significant, the values of

Y or Z cannot be added linearly to obtain an accurate combined effect.

Instead, the combined function of contact forcej raised to the power k,

must be integrated as was done for the sinusoidal relationship of

Equation (2.29). Similarly, when both film and constriction components

are significant for a slip ring application, the current will redistribute

on the basis of the series resistance variation along the circumference.

Therefore, the value of Z for the film and constriction components cannot

be applied on an individual basis. Elastic deformation of heavy conven-

tional shunts will produce a sinusoidal change in contact force that is

180 degrees out of phase with the inertial force. Also, since rotor

irregularities need not be sinusoidal, integration of the actual force-

time function would be necessary to establish accurate values of real
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power loss. However, the curves of Figures 2.14 through 2.18 should

still be useful in establishing relative sensitivity for design purposes.

It should be noted that while the values of Y may be used for

either frictional or electrical power loss, provided that the proper

value for k is used, the values of Z apply only to electrical losses and

compensate for the current redistribution along the slip ring circum-

ference. For frictional power loss on a slip ring, there is no

redistribution effect, and the same values of Y may be used as those

for the commutator application.

In place of the values shown in Table 2.4, these constants may

be determined experimentally. For electrical losses, the total resis-

tance, which is the sum of constriction and film components, is measured

as a function of load and should follow the model relationships shown

in Equations (2.16) and (2.18):

... kI  k2

Ru aI F + a2 F 2  (2.43)

The four constants to be determined (a1, kl, a2, and k2) require that

data be obtained for at least four different values of load. This will

yield four equations which may be solved (reduced) by computer or trial-

and-error techniques, to determine the constants.

For conditions where the film resistance is relatively small,

the constants a1 and k are obtained from at least two measurements,

through the use of the following relationships:

In (F'/F)

and

a - (2.45)
~(F)

where tile prime superscript denotes values for the second data point.

These tests must be conducted under conditions where the magnitude of
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force variation X is either small or known. For values of k between

zero and minus one, a 30% sinusoidal variation in load (X = 0.3) would

result in a resistance increase of not more than 5% (Y = 1.05).

Although Archard and others have also applied the quasi-static

model that we have used to establish sliding contact area, it is quite

possible that the tangential motion modifies the contact load relationship

to real area. We are presently investigating this phenomenon for

specific brush materials so that a more accurate estimate may be made of

the constant k, for the dynamic condition. One might speculate that,

since the mechanical contact points at asperities must alternate due to

the tangential motion, each of these contacts sees a variable force, and

although the current will redistribute, the result is similar to the

effect of an eccentric slip ring where the average resistance will

increase by the factor Z.

2.2.3.3 Brush Actuation

Brush actuation is the area of current collection that utilizes

lifting or loading of brushes in order to improve the overall mission

efficiency. If, for instance, the current collection scheme is designed

for 1000 apsi at full load and at a part load condition the current density

is 500 apsi, only half the brushes are needed to obtain the original

design conditions of 2.55 x 106 A/m2 (1000 apsi). By alternating groups

of brushes to collect curreat at different times the overall brush life

is increased.

The most attractive brush actuation system concept is that shown

in Figure 2.19, This conceptual brush holder was designed for use in a

19.6 MW SEGMAG generator for the Office of Naval Research under Contract

No. N00014-77-C-0307. The actuation system utilizes contact force springs

to load the brush toward the rotor. To lift the brush, a pneumatic

cylinder is activated and the brush is lifted but not taken out of the

holder brush slot. As the brush wears, the spool contained inside the

constant force spring coil can ove freely in the slot provided in the
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yoke. The length of this slot is equal to the allowable brush wear

length. The pneumatic piston is a double acting piston that lifts the

brush as the working gas pressure is increased. If the pneumatic working

gas pressure is lost, the constant force springs will load the brushes

to the rotor in a fail-safe mode.

Figure 2.20 shows photographs of a brush actuation system that

has been designed and built for testing on the Advanced Brush System

(ABS) test stand. In Figure 2.20a, the brushes are ahown as they would

appear when first installed or when lifted. In Figure 2.20b the

brushes are recessed into the holder slot to show how the loading system
moves with brush wear. In Figure 2.20c, the brushes are shown protruding
out from the bottom of the holder to reveal the brush wear length. And

in Figure 2.20d, the act"ation system components are shown for one

complete cluster of brushes. The cluster is composed of four brushes

that are each .016 m (.62 in) wide by .0079 m (.31 in) thick by .051 m

(2.0 in) long. The cluster of brushes is held together by a neoprene

pad that is cemented to the top of the brushes. On top of the neoprene

is a metal plate that attaches to the stem of the pneumatic cylinder.

Above the metal plate is a micarta plate that has a concave surface to

keep the springs in line as brush wear is accommodated.

The brushes are supported on the leading and trailing sides by

the copper surface of the holder. On the brush ends (axial with rcspect

to the rotor) the support is only on the corners since the multiple finger

shunts (WS) are located along those sides uo ,ha brush. The spring

holders are bolted into the holder on either a leading or trailing brush

side depending on which direction the rotor is turning. Since the

brushes are radial (brush axis is perpendicular to the rotor tangent),

the rotor forward and reverse directions are the same. An adjustable

bracket is mounted on the spring holders in order to support the pneumatic

piston. Since the piston breakaway fraction is negligible relative to

the brush load, the piston is attached directly to the brush assembly.

In Figure 219, the piston is attached to the brush assembly through a

yoke that allows the brush assembly to move independently of the piston.
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The new system shown in Figure 2.20, has the piston attached directly

to the brush assembly but attached through the neoprene damping pad.

The low piston loads coupled with the spring-damping of the neoprene

pad will have negligible effects on the normal brush performance.

2.3 Brush Heat Transfer

2.3.1 ObJectives

The objective of the brush heat transfer program is to determine

the thermal characteristics of the high current density brush systems.

These heat transfer characteristics will be correlated with the solid

brush objectives in order to determine high current density brush holder

heat transfer design requirements and procedures.

2.3.2 Prior and Related Work

The brush holder heat transfer characteristics of the High

speed brush tester (HS1) and the Machine-Environment Brush (MEB) tester

were analyzed. It was found that the thermal resistance between the

brush and the holder was the major thermal barrier of the system. This

thermal resistance is complicated and can vary significantly depending

-on brush position in the holder, clearance, brush loading, geometry,

surface finish$ material properties and atmospheric properties of the

brush holder environment. The brush holders and brushes were instrumented

to determine the thermal resistance. The experimental data was then

correlated with theory in an effort to understand the heat transfer

mechanism between the brush and holder. It was found that the brush

holder cooling system is capable of removing approximately 302 of the

heat due to brush losses for brushes operating at 1.55 x 106 A/m2

(1000 A/in 2  current density and -'l i/sec (14,000 ft/min) sliding

velocity. The remainder of the loss must be carried away by the rotor.

2.3.3 CUrrent Progress

A literature search was performed to obtain information pertainiug

to high power density solid brush current collectors. The following

Table 2.2 shows a listing of the publications found.
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TABLE 2.2

ARTICLES FROM THERMAL LITERATURE SEARCH

1. Sukhoroslov, L. A. and Lozhkin, L. V., A Model Representing the

Temperature Conditions of the Brush-Comanutator Assembly of Electric

Machines, Elektrotekhnika, Vol. 43, No. 1, January 1972, pp. 59, 60.

2. Rotter, R., The Influence of Brush Friction on Commutator Heating,

Elektrscha Bahnon, Vol. 47, 1976, pp, 105-112.

3. Krenth, Hans Peter, On The Relationshp Between Shut-Down Power and

Contact Temperature at the Brush Trailing Edge, Elektrotechnik and

Maschinenban, Vol. 89, 1972, pp. 283-287.

4. Rubanenko, I. R. and Grossman, M. I., The Distribution of Heat

Between Brushes and Commutator, Elektrotekhnika, Vol. 40, No. 4,

April 1969, pp. 58, 59.

5. Voloshin, N. V., Baru, Yu. A. and Titou, D. M., The Influence of

Commutator Temperature on Commutation of D.C. Machines, lzv Vuz

Elektromekhanika, No. 7, July 1968, pp. 811-813.

6. Rubanenko, I. R., Grossman, H. I., The Heat Conductivity of Electrical

Nachine Brushes, Elektrotekhnika, No. 5, Hay 1969, pp. 38-39.

7. Xarasev, H. F. and Seregin, V. A,, The Effect of the Commutator

Temperature on Commutation in D.C. Machines, Eloktromekhanika, No. 7,

1969, pp. 738-740.

All of the articles that were in a foreign language have been

translated into English. The information contained in the articles plus

the thermal data generated in previous report periods will be used to

generate new brush system concepts that will place less thermal burden

on the rotor cooling system.
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2,4 Debris Removal aud Atmosphere Control

2.4.1 Objectives

The long-term effects of debris accmulation must be countered

in practical machines by a removal system. The degree of accumulation is

expected to be much less than that experienced in prior machines with

carbon brushes, due to the reduced wear anticipated. In the long term,

however, brush debris can present an insulation shorting path which

has to be prevented. Concepts for removal of the wear particles will be

based on expected machine atmosphere exchange rates, particle size and

generation rate, debris composition, and available filtering techniques.

The gas atmosphere system must respond to the following parameters:

e Desired gas and pressure which establishes the propensity for arc

formation.

* Desired vapor addition which reduces brush friction and enhanc s . -

brush life.

*b*Dcsired gas exchange rate which controls brush debris and off-
gassing products.

2.4.2 Frior and Related Work

Work At the Wetinghouse Research "nd Development Center, as well

as othev. divisioiu, has indicated the uecessity to provije a controlled

gaseous environment in the current collector area to eahance brtsh

perfcnance.

2.4.3 Curt ent Progress

The most probable aachlne cover gas is carbon dioxide with

water vapor added as a lubricant. Other cover gas possibilities include

nitrogen end argon with additives of water vapor and/or hydrocarbon

vapors. Tite cover gas will be used to transport the brush debris that is

airborne out of. the machine. Particles too large to be suspetded by the

gas will be alloed to fall to the bottom of the machine where the

insulation is such that electriCl~ short circuits are prohibited.
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A schematic of the debris removal system is shown in Figure 2.21.

The gas stream existing from the machine first flows through a valve that

controls the amount of flow through the machine. The gas is then passed

through a filter that removes the debris particles. Following the filter,

the gas flow! through a centrifugal blower that pressurizes the gas to

overcome the circuit flow resistance. A beat exchanger is used to cool

the gas since the machine as well as the bloaar add heat to the gas.

The gas ther- passes through a filtering bed of activated charcoal that

will filter out unwanted organic vapors. The vapor additive is then

restored to a desired level in the vapor addition chamber. The gas is

then returned to the machine.

Figure 2.22 is a photograph of a debris removal system that was

made for testing on the Machine Environment Brush (MEB) test stand.

33
The apparatus in the figure is capable of 0.047 m3/sec (100 ft3/mn) volume

flow. The testing of this system has just begun. The desired flow as

well as the tomplexity of the gas take-off and injection inside the

machine will be determined next.
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SECTION 3

BRUSH INTERFACE AND MATERIALS RESEARCH

3.1 Contact Interface Investigations

3.1.1 Objectives

To obtain direct information on contact interface conditions in

high current sliding current collection systems through the use of

advanced diagnostic techniques and to undertake carefully controlled

experiments in specified environments to assist in the development of an

improved high current density brush model.

3.1.2 Prior Work

Although from time to time over the last twenty years, occasional

investigations have been undertaken into the nature and conditions at

current transferring sliding interfaces, relatively little quantitative

information is available on the prevailing conditions compared with,

for example, other fields of solid state or surface science. As a

consequence, although we have been able to develop a speculative model

of the sliding surface),3"1" there are many uncertainties which remain to

be resolved.

Basically it is considered that application of the contact force

to the brush-slip ring system results in the generation of a true area of

mechanical contact (At) which is appreciably smaller than the apparent

area of contact (Ab), which is the brush area. The ratio of these two

areas may be as taucht as one hundred to one (Ab/A t ; 100). At the true

area of contact formed by the elastic and plastic deformation of the

asperities on the brush/ring surfaces, not only is mechanical contact

taking place, but electrical current transfer must also occur. The

relatively limited area of contact gives rise to a major contribution to
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the electrical resistance as a result of constrictions. In addition, in

general, a contribution will also be present due to the adsorbed or reacted

film on the areas of contact. If such a film is sufficiently thin

(> 30 Angstroms) electron tunneling may take place without major losses.

However, thicker films, (e.g., oxidized) may result in significant resis-

tance, leading to increased losses and, depending on the applied voltage,

to electric field breakdown effects.

Effects which take place at these local areas of contact thereby

play a major role in determining the electrical behavior of contacts and,

in a similar way, are major contributors to the interface frictional and

wear effects.

Because adsorbed vapors and gases and reacted films, even though

only Angstroms in thickness, may play such an important part in the

interface behavior, relatively few techniques for obtaining direct

information have been available until recently. What little direct infor-

mation that is available appears to indicate that adsorption of gas and

vapor molecules onto edge and basal sites on graphite crystallites may

determine the interface behavior. The attachment of the graphite crystallitet

to the underlying surfaces structure depends on whether the interface is

covered with an oxide layer, the attachment being increased in some cases

and decreased in others. Attachment of the graphite crystallites appears,

from x-ray diffraction studies, to follow a "shingle-like" structure.

3.1.3 Current-Progress

3.1.3.1 Contact Model

Based upon theoretical studies and the evaluation of experimental

results of a range of conventional powder-metallurgy materials operating

at 0.8 MA/rm, an attempt has been made to improve the understanding of

phenomena which take place at the contact interface. The results of this

work have beent largely reported in a paper which has recently been

submitted to the forthcoming International Conference on Electric Contact

Phenomena, to be held in Chicago in September 1978. This paper is

.... .reproduced here as Appendix 3.1, with the results being as indicated there.
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Perhaps the most notable features are that the constriction

resistance appears to dominate the electrical performance, with the

film resistivity apparently being very small (< 6 x 1013 S.m2).

Presumably this is a consequence of the operation of brushes in a non-air

environment in which significant oxide films are not formed. Evaluation

of the frictional behavior, based on the assumption that shearing of an

adsorbed water vapor layer is responsible, lead to an estimate of the film

thickness as being one to two monomolecular layers. This appears to be

consistent with a small film resistivity.

Perhaps the most notable feature of the experimental studies which

remains unexplained was the marked change in wear rate that was observed

as the metal-to-lubricant ratiu of the brush was changed from a metal mass

fraction of 0.45 to 0.90. For this change, the wear rate changed by an
3 3order of magnitude, from 0.7 mm /Mm to 70 mm /Mm. At the lower end of

this range, the wear rate is comparable to that achieved in boundary

lubrication. To date, a fully satisfactory explanation for this large

y.. change in the wear rate has not yet been evolved, although extensive

analytical work which is at present being undertaken appears promising.

Experimental studies, using Auger spectroscopy and scanning electron

microscopy, are also underway in an attempt to obtain some direct

experimental evidence which will enable this phenomena to be better

understood.

3.1.3.2 Experimental ,Investigations

In order to characterize and analyze the contact interface, one

needs an analytical technique which is capable of sufficient spatial

resolution to select the areas of interest and which has the required

depth resolution of 10-20 A. Auger electron spectroscopy (AES) is such

a LeLAiffiqU. The iaistrument used for the investigations to be described

is of the scanning type and has a primary beam diameter of o 3 um. The

depth analyzed is variable with the material and depends on the energy

of the Auger electrons which is being collected. A measure of the

analyzed depth is provided by the parameter known as the "inelastic man
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free path" or "escape depth" (symbol X). For the copper LMM line
-0

',( 60 eV) in metallic solids, X 7 A and for the copper KLL line for

920 eV, X ; 13 A (reference 3.2).

Five slip rings, 83 mm (3.25") in diameter, which had been run

under standard conditions on the bench testers, have been analyzed using

AES. Unless indicated otherwise, the whole slip ring was transferred

from the test site to the Auger laboratory in a vessel under C 2-over

pressure. Transfer from this vessel to the ultra-high vacuum (UHV)

chamber of the Auger spectrometer took from five to ten minutes,

during which time the slip ring was exposed to the ambient air. Although

this procedure did not prevent adsorption of moisture and other con-

taminants present in the laboratory air, it did prevent long exposure

effects such as slow oxide formation on copper.

Figure 3-1 shows the geometry inside the UHV chamber. The slip

ring (center) is mounted on a vertical shaft which can be rotated through

3600. Vertical motion of the shaft is also available so that each point

of the sliding surface can be accessed. The annular opening directly

to the right of the slip ring contains the entrance slit of the

cylindrical mirror analyzer (CHA). The primary electron beam emerges

through the central orifice. A sputtering gun points down towards the

analysis spot from the top of the photograph. Typical sputtering

conditions with argon gas yield, at 2 kV acceleration potential, removal

rates between 20 k/min and 200 A/min (ion current densities 1 20 uA/cm2

200 ;A/ct.

Tite results of the AES analyses to date. are summarized for eaci

slip ring below. Some general conclusions are presented.

$Slyp__iqg SA52 8176 (UoIelGre

This slip ring was not stored in C02 prior to analysis. Tite

slip ring material was brass (62 Cu-34.75 Zn-3.25 Pb nominal). The

surface of the slip ring was strongly enriched in Zn and Pb compared to

the bulk composition. This was true both inside and outside the brush
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tracks. Semiquantitative analysis using normalized peak heights

(Reference 3.3) for Cu, Zn, and Pb, yielded the following estimates of

the concentrations at various depth levels:

Deith CU Zn Pb

wt % wt % wt %

0 10 76 14

100 38 53 9

1000 69 28 3

The presence of the low energy LMM transitions for copper and zinc
(" 60 eV) and the NOO spectrum of lead ( 90 eV) on the as-received

surfaces in the brush tracks indicates that a certain fraction of the

metal surface was covered by less than a few monolayers of adsorbates

(<10 A). Evaluation of this slip ring demonstrated the success of the

experimental apparatus and techniques.

*: Slip Ring SA51 8/76 (Helical Groove)

The slip ring material was OFHC copper. It was tested under

copper-graphite brushes. The oxygen spectrum on the as-received surface

contained an extra peak at 515 eV, which is usually not resolved in the

oxygen spectrum of adsorbed oxygen on metals, although it may show up as

a shoulder on the high energy side of the main KLL transition at 510 eV.

Tie splitting in two peaks was attributed to chemisorption of oxygen to

copper, rather than adsorption in the physical sense. Other contaminants

Included sulfur, chlorine, and nitrogen. Tie sulfur LHH spectrum is a

triplet typical for CuXS (Reference 3.4). The amount of chlorine present

was highly variable from location to location, and it was not associatted

with any identifiable salts. In one area, Ag was detected.

Tie presence of the low energy copper transition at 6O eV again

conifirmed that, in the brush track, free metal surfaces were present

with less than 10 A of adsorbate coverage.
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Slip Ring SA50-2 (Smooth)

The slip ring material was OFHC copper. The contact surface was

plated with 2.5 Um of ruthenium. The use of a silver (graphite)-ruthenium

combination was suggested by the earlier work of Rabinowicz. The ring

was run in test Bl-230 under 75 w % Ag/C brushes (SG 142). The analysis

showed that the ruthenium coating was of excellent quality. No copper

could be detected and no flaws were present. There was considerable Ag/C

transfer to the slip ring surface in the brush tracks. The photographs

in Figure 3.2 show two opposite halves of the slip ring. It can be

seen that two distinct transfer patterns were present: a-line pattern

in the direction of the slip and, superimposed on it, a spot pattern

containing many more or less circular features aligned in the sliding

direction. The spot pattern was absent over a length of about one

quadrant (Figure 3.2(b)). The cause of the spot formation is not yet

clear.

The ruthenium coating was rich in nitrogen and sulfur. Some

sodium, chlorine, and silicon were also detected. These impurities may

be due to the plating process. The spots analyzed as silver, carbon with

a low oxygen content, whereas the adjacent areas within the tracks con-

sisted primarily of ruthenium, oxygen, and impurities (nitrogen, sulfur,

chlorine).

Slip Ring SASO-2 (Smooth)

This OHtC-copper ring was coated with 6 to 10 um of tantalum. The

testing conditions were as for SA5O-3 (test Dl-231). The tantalum

coating was oi poor quality and consisted mostly of carbides and oxides.

In the brush track, the coating was abraded and copper exposed. The

wear of the coating was more extensive in the bottom half of the track,
indicating wuevun loading on te brushes. Away from the brush track,

no chlorine or sulfur were found, which indicated that the OV1IC copper
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was the source for these elements when they were detected on the copper

surfaces (as opposed to the C02-atmosphere containing these elements).

The poor quality of the tantalum coating was probably due to the fact

that it was deposited by a sputtering technique. The oxides formed

during deposition by reaction with residual oxygen in the sputtering

atmosphere. The carbides may have formed during the run because of

arcing.

Slip Ring SA50-4 (Smooth)

This OFHC copper ring was not coated. It was run under the same

conditions as SA50-3 and SA50-4 (Test 229). In the as-received condition,

the copper MIM spectrum and the oxygen spectrum again revealed the

chemical bonding of oxygen to copper. After 15 sec sputtering ("25 A

removed), the LNM spectrum of copper assumed the characteristic shape

of metallic copper and the oxygen spectrum became that of adsorbed

oxygen. The transfer of Ag/C from the brush to the slip ring took place

according to the same patterns noted for SA50-3.

3.1.3.3 Preliminar Conclusions

AES has definitely confirmed that the area In the brush tracks

contained a significant fraction of clean metal covered by less than
0

110 A of adsorbed elements. When the slip ring material is an alloy,

it is important to know whether the alloying elements segregate at the

surface. This may affect both the friction/wear properties and the

electrical properties of the contact. for pure OFIC-copper slip rings,

it has been established that sulfur and chlorine segregate to the

surface. This may actually be beneficial as far as frictional resistance

is concerned (Ref. 3.6). With regard to the role played by the humidity

of the environment, no clear conclusions can be drawn at this time, one

of the difficulties being the exposure of the slip rings to ambient air

during handling. In situ film formation and analysis would be preferable

(see Section 3.4). Concerning the transfer of brush material to the

slip ring, prelimiuary results indicate that the addition of silver to
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the brushes causes a larger amount of the debris to stick to the slip

ring surface. The heavier deposits occur in the spot patterns for

reasons which have not yet been clarified.

3.2 Multi-Element Brush Research

3.2.1 Objectives

To develop a physical model of a multi-element brush, tc

develop and optimize multi-element brush materials, including metal-

coated carbon and graphite fiber materials) and to evaluate candidate
2materials at current densities up to 7.75 MA/m by the end of FY1979.

The best candidate materials will then be evaluated in a demonstration

unit at the same current density.

3.2.2 Prior Work

1v some of the very earliest (ca. 1900) electrical brushes

metal wire brushes wore employed to make electrical contacts with

comutators or slip rings, However, high friction and wear tatts were

experienced and such deviceb were discarded in favor of carbon based
materials. In ree at times, significant advances have been achieved by

operating metal coated carbon fiber brushes in air and controlled

atmospheres at curreht densities of 1,55 A/e2 (1000 A/in2 ) and above.

Additional work in this area is reported here.. Htowever, consideration of

the fundamental effects which are present it such brushes has led to the

conclusion that the optimum number of elements In such a brush my be ir,

the range 102 to 10 . It is to determine whether Lhis is the case that

the present program has been undertaken.

3.2.3 Current, Progress

A multi-element contact model 4as developed and was used to

describe the effects of changes in the number of fibor elements and the

load current magnitude on contact performance "officiency". This

.fficiency is presented in terms of the interface power loss per ampere

of load current transferred. Within the I resent limitation of one
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existing fiber diameter, set somewhat by the manufacturers of carbon and

graphite fibers, the optimum numbers of fibers comprising a multi-element

electrical contact for different current loads was predicted.

Several methods for depositing metal on carbon and graphite

fibers have been evaluated, and the most promising one was selected to

produce metallized fiber for brush fabrication. Two methods of fabrication

were used to produce brushes, with packing factors deliberately varied

from 0.25 to 1.0. To date, several of the fabricated brushes have been
2tested at current densities to 4.5 MA/M in air and in helium atmospheres

of varied humidity. Future effort will be directed towards testing

brushes at higher current densities (to 7.75 MA m 2) and towards optimiza-

tion of fiber metallization and brush fabrication methods.

3.2.3.1 Physlical Model of Multi-Element Brush

The advantages of brush segmentation have been demonstrated in

the use of split brushes and in the improved performance capability of

smaller brushes. These improvements relate to the increase in real contact

area and mechanical .rreedon to follow the rotor surface. In an attempt

to maximiLe this increase in the number of contact points and, therefore,

in the rueal contact area, the large step was made to fiber brushes

consisting of elements numbering in the millions. The primary advantages

of brush sag entation are.

1. Reduced contact volt-drop.

2. Reduced electrical contact power loss mid heat densit,'.

3. Improved dynamic mechanical response.

These advantages are apparent in the tests of experimental fiber brushes.

HIowever, it would be desirable to investigate fewer, but larger

sized subdivisions to determine whethor an optimum site will provide

improved perdormance. Other possible advantages of fewer subdiviaions

include easier fabrication* easier analytical representationk of the

mechanical and thermal systeux, and better correlation with conventional

brushes if the same material can be used. An initial attempt to analyze

te performance of such a brush is Siven below.
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3.2.3.1.1 Contact Electrical Resistance

For metallic contacts, the components of contact resistance follow

an inverse power relationshi? to applied force:

r Clf (3.1)

-k
2  2 (3.2)

where r is the component of contact resistance, f is the contact force,

and C and k are constants which depend on material properties and the

nature of the surface. The subscripts are tiT for constriction and "2"

*"for film.

If two or more sets of these contact elements are electrically

connected in parallel, they uill share the current just as parallel

resistors in a circuit. For n identical elements with a total force

F = nf, the overall resistance will be

R (r1 + r2)/n (3.3)

From Equations (3.1), (3.2), and (3.3), the resistance becomes:

k !" -k n -k2/

R = C 1F 1-k + C 2F 2 1-k2  (3.4)
n./ n

or

R R1/n 
1  + R2/n (3.5)

where R and R2 are the constriction and film resistances for a single

element brush under the total force, F. For certain contact geometries,

Holm (3.7) has found values of k1 = 1/3 and k2 = 2/3 for light (elastic)

loading and k 1 1/2 and k2 = I for heavier loads where plastic flow

determines the real contact area. The gross shape or conformability of

the individual contacting members may influence the distribution and

number of contact points at a given load. For closely mated or flexible

bodied members, the number of contacts may increase with load, and this

will result in larger apparent values for k. (3.,39)The flexibility cf
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the asperities, the average separation distance, and the conformability

of the contact members will determine this relationship. The proper

values of k are best determined empirically for the specific brush-slip

ring combination selected.

The improvement in contact resistance associated with brush

subdivision is illustrated in Figure 3.3. The resistance relative to that

for a single contact (n = 1) is shown for both-the film and constriction

components and for both the theoretical elastic and plastic loading

'4'. assumptions. It can be seen that the predicted constriction resistance is

reduced to 10%, or less, of its initial value with only 100 elements,

A-7 . when the contact is assumed to be plastic or elastic, respectively. The

* reduction in film resistance with increasing n is noted to be more

dependent upon the nature of the contact (the value of k2) and would be

independent of subdivision for plastic contact theory.

For high metal-content brushes in a controlled (non-oxidizing)

environment, the film component of resistance has been found to be small

compared with the constriction resistance for conventional brush sizes.

(see Appendix 3.1). On that basis, one may predict a major improvement

in electrical performance of the brush interface for segmentation into

as few as 10 elements. Also, 90% of the gain should be achieved with

less than 1000 elements if the elastic values for "k" apply, even with

the presence of thin surface films.

As an example, examine a silver-graphite brush (75% Ag by weight)

with the following operating conditions:

k1  1/3 (elastic contact)
C1  2/312xi0 (for F in lb)

F 2.15 lb (11 psi, with an apparent contact area of 0.195 in 2

15 x 10 6  cm

L = 1 in

k = 2/3

C2  = 0.173 x 10-  (for F in lb)

If the brush is segmented, the contact resistance (0) may be

found from Equation (3.4) as

R = 1.79 x 103/n2/3 + 0.104 x 103/nh/3



The second term, the film resistance, is seen to be relatively small.

The brush body resistance for the solid brush, which is also small, is

Rb = pL/A
-6 (3.6)= 32.3 X.I -m " .. .

If the packing factor varies with number of elements, then the body

resistance for the segmented brush could be considered to be a function

of subdivision, but still a small value.

For elastic contact theory, Figure 3.4 shows the predicted

reduction in total resistance (essentially contact resistance) for the

silver-graphite brush, with increasing segmentation. With only 50 to 100

elements, a 90% reduction is predicted.

In order to evaluate this mathematical model, a brush holder

has been constructed which will accept brush elements uith a square

cross-section of 1.52 um x 1.52 mm. Fifty-four of these will be required

to give the contact area of the standard solid test brush. This element

size permits the use of conventional brush fabrication techniques so that

the material will be as close to that of the full-size brush as possible.

The segmented-brush holder-is shown in Figure 3.5 with some of

the unfinished brush elements. The holder is built-up to provide a

variable number of rows of 5 elements each. This was done to simplify

machining and to permit flexibility in testing. The holer provides a

large increase in surface area for heat conduction from the brush to the

holder; about seven times that for the standard full size brush for the

same contact surface area. With this configuration, it is expected that

a significant portion of the current wt4.,pass directly from the brush to

the holder, but individual shunting will be provided in initial tests to

assure that all elements are functional. The elements will be flexibly

mounted to the brush mechanical loading pad to permit independent action.

3.2.3.1.2 Friction and Wear Factors in Subdivision

The reduced contact heat g,.eration and improved cooling

associated with subdivision is expected to reduce the contact temperature

for a given brush current density, This is expected to reduce the wear

rate although the friction coefficient may increase somewhat. On the

other hand, the probable increase in real area of contact could increase



2" the friction and wear coefficients. However, this may be compensated by

a reduced -joutact force requirement because of the previously gained lower

contact resistance. The required force may also be less because of the

improved mechanical response to slip ring irregularities.

It is likely that the distribution of metal and graphite (or

other lubricant) is also important, as is the grain size of these components.

The use of independent lubricants sources on the slip ring surface with

solid metal brushes is not as effective as the same materials intimately

intermixed. Since there is no present model which defines this effect,

both experimental and analytical effort in this area may improve the

understanding of the contact interface.

Although a relatively high friction coefficient has been observed

with fiber brushes, it is not clear at this time if this is due to the

increased real area of contact or the difference in material from that

of the conventional solid brushes.. Testing of the segmented brush described

above may help to clarify this relationship. In the simplest theory, the

friction and wear based on adhesive theory for homogeneous materials would

be proportional to the real area of contact. For n elements with a total

load F, the total real area A and thus the friction, may be determined

from the expression for the individual elements for elastic and plastic

theory:.7

Elastic

(A/n) a (F/n)2/3  (3.7)

A a n1/3 E2/3

and since the assumed relationship for the friction coefficient is

a cIA/F

then:

i a n 1 /3 F-1/3  (3.8)

Plastic

(A/n) a (F/n)
.AaF

A a F

} fficonstant (independent of F and n) (3.9)
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Similarly, the wear (e.g., m /m travel) is proportional to area

and would be

. .• . .... * , Elas.tic..
1/3 2/3Wcan F (3.10)

Plastic

W a F (independent of n) (3.11)

The light load on the individual elements of a fiber brush would

suggest that elastic contact theory should apply. However, the

predicted increase in friction coefficient according to Equation (3.8),

N for the very large number of contacts, is much greater than experimentally

observed. This may be explained in at least two ways. First, it need not

be inconsistent to model the electrical constriction area as that based

on elastic contact for light loads while at the same time utilizing plastic

contact theory for friction and wear. The few electrically deformed

contact spots which establish the electrical constriction may themselves

be composed of asperities which are plastically deformed. Then, because

of the close proximity of these subcontacts, they will act as one electrical

constriction with an elastically determined nominal area, while the shear

area is that of the real plastically-deformed asperities.

The second explanation would be that the model must be more

complex and must include the lubricity of the graphite as well as the

higher shear strength of the metallic joints. In this content, a new

approach to brush interface modeling can be based upon the difference

in wear rate coefficient between the graphite and metal components of the

brush material. If the wear rates are defined as:

W mm (3.12)m m

W Cpv (3.13)

where W is the linear wear rate (e.g., in/hr), C is a constant for the

brush-slip ring material combination and temperature, p is the contact
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pressure for each material component, v is the contact sliding velocity,

and the subscripts m and g refer to the metal and graphite components.

Since the wear rate .m.st..be the same for both components, and the

velocity is the same, the pressure on each component would thus be

inversely proportional to the wear constant C for that component. On

this basis, one would expect a higher contact pressure under the graphite

than under the metallic portion of the brush. This would be modified, of

course, by the lubricant separating the metallic surfaces or if the

metallic material is wiped over the brush interface area. Correlation

of this model is presently being investigated using experimental data

for brushes with various percentages of graphite-metal mixtures.

3.2.3,2 Fiber Brushes

The main subtasks during this period were:

* To continue establishment of techniques for coating fibers with

metal.

• To establish a simple base-to-fiber joining technique and

establish the interface resistance characteristics.

* To continue testing fiber brushes at high current densities
ili MA/ 2  A/ 2 )

(1.55 1/M to 7.5 MA/ .

3.2.3.2.1 Prior Work

A batch method was developed to produce metallized surfaces on

nominal eight micron diameter carbon fibers. This consisted of initial

substrate su ace conditioning (cleaning), followed by a thin chemically

deposited nickel coat and a final electrolytically deposited silver

plating. Typical thickness of deposited metals was about one micron.

Yields averaged 20,000 fiber/feet. Optical and electrical methods were

used for evaluating the quality of the metallized carbon fibers. Combined,

these methods assured that good metal coverage and the desired coating

thickness were achieved.
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Test brush samples of approximately 400,000 individual fibers

were prepared. The fibers were first compressed into a rectangular
2

Scross section of 1.3 cm , yielding a theoretical packing factor of

0.25, then joined at one end to silver-plated copper %tpport "basesovith •

* low melting point solders. Each brush had a free fiber length of

approximately 20 mm.

A test rig was commissioned for evaluating the sample fiber

brushes. Preliminary tests were run in cover gases of nitrogen, helium,

carbon dioxide, and air. Generally, the positive (anodic) brush voltage

drop was found to be higher (up to 3 times) than the negative, being

somewhat higher on copper slip rings as compared to silver. The contact

voltage drop tended to increase less than linearly on silver slip rings

as the current density was increased, The friction coefficient also

tended to be constant or rise slightly with increasing current density

(up to 0.8 MA/m2). Wear was low for brushes of buth polarities.

3.2.3,2.2 Current Progress: Metallizatton cf Carbon and Graphite Fiber

Of several metallization processes tested, one was selected for

plating highly conductive metal layers on the surfaces of 8 um diameter

carbon and graphite fibers. Although the plating method was originally
developed for batch processing, yielding 20,000 fiber-feet per hour, it

has recently been semi-automated to achieve a higher yield, 280,000 fiber-

feet. Most of the fibers processed to date have been carbon, plated

with approximately 0.1 um nickel and 1.0 um silver.

Plans for the future include automation of the metallization

installation by incorporating continuous electroplating. Resulting from

this, hourly production of metal-coated fiber will be increased to

about 500,000 fiber-feet. Emphasis will be placed on improving the

coverage and continuity of the deposited metal, which will result in

brushes of higher quality.

3.2.3.2.3 Current Progress: Brush Fabrication

Initially, brushes were constructed by joining the metallized

fibers to solid copper bases with lead-tin alloy solder. Good wetting

of the fiber-brush base interface was achieved, resulting in typical



interface resistances near 17 p for brushes containing 400,000 fibers,

surface areas of 1.25 cm2 , and a packing factor of 0.25.

Several brushes were constructed with internal gas cooling

ducts, which penetrated into the fiber bundle. Test results indicated

that these ducts will permit at least 20 liters per minute cooling gas

flow through the brush fibers. Additional cooling capacity (higher

flow rates) can be provided, if necessary, by increasing the gas inlet

pressure.

Other methods of brush fabrication have also been developed.

The criteria used to evaluate these methods include (1) loose packing

and flexibility of the fibers must be maintained at the face end of

the brush, and (2) the fibers must be joined or contained in a base,

possessing good electrical contact (low resistance) with each other and

the base.

The first attempts to produce silver-copper alloy bases were

A0 moderately successful, but were not considered to be suitable for large-

scale production. The problem areas centered around handling of the

hair-like fibers, special fixturing, and wicking during heating or

brazing operation, and shrinkage during cooling.

A subsequent, more simple technique for fabricating fiber brushes

was developed, and it employed a swaging operation. This has been quite

successful, enabling large brush areas, with integral cooling channels (if

required) to be assembled from individual modules. This procedure is to

squeeze a copper tube around the fiber at the base end of the brush.

All samples are presently being fabricated by swaging the full length of

the outer-tube assembly, machining away sections of the copper tube to

expose the underlying fibers. The fibers are then severed at the mid-plane

of the exposed length, forming a pair of brushes. Other techniques are

considered applicable for the consolidation of the base. These techniques

would require equipment design changes which are not necessary here to

complete the present multi-element brush evaluation.



A more detailed description of the fiber-base joining procedure

is as follows. A predetermined number of fibers were straightened to

their full length and sbamerged in methanol. Wetting of the fibers by

this means improves their handling and b~undling. Fiber bundles were

then inserted into previously deoxidized copper tubes. Presently, a

400,000 fiber bundle is inserted into a 1.9 cm diameter, 18 cm long tube.

The excess methanol is blown out of the tube and the remainder is evaporated

by heating the tube. This fiber-tube assembly was then swaged to .hg

desired inside diameter, which determines the fiber packing factor. The

packing factor is defined as the ratio of the total fiber cross section

area to the swaged tube inside diameter cross section area. Figure 3.6

illustrates fiber spacing in a brush base having a 70% packing factor.

An electrical test was used to determine the effects of swaging

(packing) on the fiber-base joint resistance. To that end, a 2.5 cm

section of the swaged copper tube was machined away from the central zone

of each fiber-tube assembly, exposing the fibers as previously discussed.

The remaining copper ends of this assembly, which form the fiber joining

bases, serve here as the current terminals of a four-terminal resistance

measurement system. With current established, voltage drops were measured

with needle probes across each of the two fiber-to-tube joints. From

these measurements, calculations of joint resistance were made. The

results of testing a number cf fiber-tube assemblies are shown below.

3.2.3.2.4 Current Progress: Fiber Brush Test Results

Effort was concentrated during the period on testing brushes at a
2 2current density of 1.55 MA/rM (1000 A/in ), with a silver-plated copper

slip ring running at a peripheral speed of 15 m/s and with an apparent
2

mechanical loading of about 7 kPa (I lb/in ). Each test brush nominally

contained 400,000 silver-coated carbon fibers. The effective fiber length.

of each brush was about 1/2 cm. Bulk temperature of the fibers varied

from 180 to 520C, depending upon the level of cooling provided. Testing

61 is still in progress, but the following results have been achieved.
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TABLE 3.1

SWAGING EFFECT ON FIBER-BASE CONTACT RESISTANCE

No. Of Packing Fiber-Base Resistance, 4S

Fibers Factor ()(2)

80k .34 183 100

80k .42 141 103

80k .73 83 61

80k .90 38

120k .50 34 27

120k .99 27

400k .25 164

4 00k .51 25 13

400k .73 8 7

Wsprocessed.

~Post heat treatment: 750*C, 10 min, H2 atm

*Toot runs were made wherein single brushes of each polarity were

constrained to slide in independent tracks on the slip ring

surface. Durti-ig these experiments, which were 5 to 17 hours in

duration, an Air environment was employed and its dew point was

deliberately varied in the range -6 to -17%C (3700 to 1400 pm
moistute). The brushas operated with low combined electrical and

mechanical losses, averaging 28 to 40 W/brush (0.14 to 0.21 I/A).

The power loss showed no dependency on humidity in the range

studied. Initially, upon starting each run, the brush power loss

was typically 1.5 to 2 times higher than its steady-state or

average value. The lower steady-state power loss level was

reached after about one hour of operation.



o In other similar experiments, the influence on fiber brush per-

formance over a wider range of moisture concentrations was .

evaluated, -1 to -50*C dew points (5800 to 40 ppm), for test

environment gases of air and helium. Again, as noted before, the

combined electrical and mevhanical brush-ring interface loss showed

little dependency on the humidity level. The average power loss

varied from 41 to 37 W/brush when run in either gas, tending to the

lower loss value at higher humidity levels. As tested, the average

brush-ring friction power loss was about 2.8 to 3.6 times higher

when run in increasingly humid air, as compared to operation in

helium. However, the average electrical loss was 2.5 to 1.6 times

lower in air than in helium. The net result, as previously

mentioned, was that the combined power losses resulting from

operation in the two gas environment are about the same. A strong

adverse polarity effect on performance was observed when the fiher

brushes were operated in air atmospheres at moisture levels greater

than -20*C dew point (1000 ppmv). With increasing humidities, the

electrical loss at the positive brush steadily increased, while the

negative polarity brush loss remained essentially constant. At the

highest air humidity, a positive to negative electrical loss ratio

of 3 was recorded. This suggests that fiber brush operation in

air environments should be carried out under "dry", rather than

."wet" conditions. In contrast, fiber brush operation in helium

gas environments (over the wide humidity range) was not influenced

to any decided degree by the brush polarity.

s Based on the combined testing in air and helium environments,

life was estimated for the positive and negative polarity brushes

to be 2520 and 3290 h/cm, respectively. Additional testing is

required to determine the brush life characteristics in each of

the gas unvironments separately. More recently, preliminary

testing has been demonstrated at up to 4.65 MA/m
2 (3000 A/in )

with fiber brushes in air.



3.3 Monolithic Brush Material Research

3.3.1 Objectives

The overall objectives of this task were (1) to develop,

manufacture, and evaluate new monolithic brush materials and structures

which provided high electrical conductivity, low friction and low wear

(target date - by Lhe end of the third quarter of FY 1978); (2) to

undertake parallel evaluation experiments on developed monolithic brush

materials under varying conditions of atmosphere, additive, temperature.
2 2load force, and slip ring speeds up to 3.1 MAm (2 A/in ) (target date -

same as (1)); and (3) to operate the preferred monolithic br,.sh material in

a machine environment t-.ster at current densities up to 3.1 HA and

collector surface speeds of 25 to 75 m/s (scheduled in the third quarter

of FY 1978 to the end of FY 1979).

Several primary approaches for the new monolithic brush materials

were pointed out in the contact proposal. During this reporting period,

efforts were primarily made on the preparation and evaluation of metal

(copper/silver)-coated graphite, and the preparation of oleophilic

graphite and phosphate-impregnated graphites for tht metallization, Tile

objectives were to develop a process of metallization of graphite powders

which after pressing and siutering, provided r- maximum conductivity for

a given metal content in the metal-graphite brush material. The oleophilic

graphite and phosphate-impregnated graphites are modified graphites which

provide higher lubricity and lower wear rate thtan ordinary graphites,

respectively, as were suggested in the literature.

Evaluation of developed monolittic brush materials were continued

and focused on silver-graphite and copper-graphite materials of varyiog

metal contents, types of graphites, and processes of fabricatlon of the

materials. Effects of additives including "cleaning action" material in

copper-graphite brushes and dichalcogentides in silver-graphite brushes, to

the brush performance were primarily studied.



3.3.2 Prior Work

A number of brush test rigs were commissioned to evaluate

candidate contact system materials, including brushes, rings, gas

environments, and vapor additives. The rigs varied in size from relatively

small laboratory-type screening testers to considerably larger machine

environment-type test stands. Based on initial screening tests, a few

silver- and copper-graphite brush materials were selected for advanced

testing under higher speed and higher current conditions and with greater

numbers of parallel connected brushes. The metals in these materials were

combined with the graphite by compacting and sintering of mixed powders or

by direct infiltration into preformed graphite blocks. The infiltration

technique permits only a limited amount of wetal to be combtred with

conventional base graphite materials. Although copper-graphite brushes

fabricated in this manner performed very well when loaded to current
2densities of 0.8 MAIm , they wore at high rate at higher electrical loads.

There is no apparent limit to the amount of metal that can be combined

with graphite when processed by the powder metallurgy technique. Relatively

good contact performance was achieved with silver-graohite bruea~s processes

by this technique whet tested on laboratory testers to Current denities

of 2.3 HAW .

3.3.3 Current Progrezis

3.3.3.1 Material Produion

3.3.3.1.1 tetal-Coat.._Graphitos

A process has been developed for coating graphite powders of

sizes doum to 38 um with copper or with silver. The metal contents

ranging from 20 to 97 weight percent of the coated powder have ben

achieved by sitbple and multiple chemical platings. Detailed procesg of
metallization of the powders and fabrication of the metal coated powders

into a solid brush material as well as evaluation resultg of h0 sintered

materials are described in a paper and is presented its Appendix 3.2 of

this report.
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The objective was to obtain a sintered metal-coated graphite

compbeite which provided a continuous, three-dimensional metal matrix

taroughout the composite body. Such a new type of structural material

would permit a maximum usage of metal conducting constituent and graphite

solid lubricant and is a desirable brush material for carrying high

current density and operating under high peripheral speeds. Metallographs

of the sintered metal-coated graphites revealed the str .Acture of continuous

metal matrix. Compared with metal-graphite brush materials fabricated

'by :onventional powder metallurgy and metal infiltration techniques, the

electrical resistivities of the present materials are consistently much

lower titan the commercial materials of the same metal contents and the

advantage becomes progressively greater at lower metal contents. These

concluded that the present sintered metal-coated graphite provided hJgher

conductivity and more efficient usage of metal constituent than metal-

graphitos fabricated by other techniques. Uowever, for practical

application, those problems including the proper selection of graphite

.- * grades and graphite particle sie, the. addition of binders, and other

fabrication conditions need to be further explored in order to obtain a

ccw brush material of high olectrical conductivity, low friction, and low

wear rate.

3.3.3.1.2 Oleophilic Graldte

Oleophilic gaphite is a modified graphite which possesses a

high ratio of surface-to-edge sites. It was prepared by grinding large

flakes of one uatural graphite in a iqAd. eyrocarbon medium. The

reduction of graphite powder dimensions by such grinding is illustrated

in Table 3.2.

Several .- leophillc graphite products were coated with copper and

with silver by chemiCal plating (see W29, W30, and IW32 in Table I o the

paper in Appendix 3.2).



3.3.3.1.3 Phosphate-Impregnated Graphites

Phosphorous-containing compounds are known to be effective

oxidation inhibitors for graphite. The addition of small amounts of

phosphorous compounds into a carbon brush has been suggested for lowering

the wear rate of the brush in electric contacts. Some experimental work

on wear and friction measurements has been reported by Lancaster, (3.10)

but no data on voltage drops in brush contacts have been published. Recent

work indicated that, in the presence of ammonium phosphates or phosphorous

oxyhalides, the ignition temperature of graphite in air was increased

significantly. On the contrary, many metallic oxides were found to be

oxidation catalyzers to graphite. Since the amount of phosphate additives

in brushes is so small (a few percent) that it is not sufficient to act

as an oxidation barrier as it does for graphite moderator in nuclear reactor-

a conversion of metallic impurities (oxides in the ash content) of graphite

into inactive phosphates appeared to be the most likely anti-wear mechanism

for the phosphorous-containing additives in carbon brushes, Based on this

understanding an investigation into phosphate additives seemed to be

4, '.! worthwhile for carbon brushes to be used in high speed and/or high

current machines, where conventional brushes may be worn away rapidly

by oxidative processes.

Experimental work was mainly to develop a method of phosphate

impregnation. Samples of natural graphite was used. Tite whole process

consisted of the following steps: (1) soaking graphite powders in

ammonium hydrogen phosphate solution and drying; (2) initiation of

interactions of ammonium phosphate with graphite impurities by heating

under inert atmospheres; and (3) dviviung off excess phosphoric acid from

the sample by rapid heating to 900-1000C under a stream of inert gas.

From graphite sample with ash content of 1.0% by weight, for example, a

good impregnated product containing 0.49Z PO4 (or 0.16Z V) was obtained by

this impregnation method. High percentage of phosphate impregnation was

found to be undesirable because the metal-coated graphite made from

the impregnated product, swelled badly during sintering stop of the

fabrication process.
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TABLE 3.2

DIMENSIONS OF GRAPHITE POWDERS AND

OLEOPHILIC GRAPHITE PRODUCTS

Oleophilic
Natural Graphite Graphite Products

(-80 +200 Mesh Fraction) (-200 + 400 Mesh Fraction)

Width 140-140 vrm 30-80 urn

Length 250-460 umn 40-200 umn

Thickness 38-100 Umir 4-17 urn

Ratios

Width 2.4-3.7 4.7-6

Thickness

Lengthi 4.6-9.2 12-18

Thicknass



3.3.3.2 Materials Testing

Over 40 experimental brush materials were developed and

manufactured during the reporting period. Experimental screening runs

with many of these, totaling over 160 tests, have shown promising

performance, but further optimization of the material compositions is

required to provide the best performance capability.

Most emphasis was concentrated on silver-graphite brush materials,

fabricated mainly by the conventional powder-metallurgy technique. The

variables included mass fraction of silver, type of graphite, and

processing of the composite materials. An in-depth discussion of impor-

tant selected physical properties (density, conductivity, and hardness)

and the operating performance (contact resistance, friction coefficient,

and wear rate) for these materials is presented in Appendix 3.1 of this

report. The objective was to obtain improved brush performance both

experimentally and through an improved understanding of the mechanism of

brush operation. A discussion of the results from testing similar brush

materials under machine environment-type conditions is presented in

Section 2 of this report. The goal there was to evaluate the influence

of large numbers of parallel brushes with larger total load currents

on contact resistance and brush life.

Summary discussions of other candidate brush materials fabricated

and tested under screening test conditions during the period are presented

below.

" Copper-graphite materials were formulated by the powder metallurgy

processing technique for test evaluation, with the goal of finding

a replacement for the more expensive silver metal in silver-graphite

brushes, The operating performvance found for such material brushes

is characterized by low friction coefficients but, also, by

significantly higher contact voltage drops as compared to

similarly processed silver-graphite brushes. Typically, friction

coefficients are about 1/3 to 1/2 of those attributed to the

silver-gr:,phite brushes and the voltage drops range up to 10

ti-e.s higher, depending somewhat upon the material composition

and processing vartables.



Additions of the somewhat abrasive hard carbon to selected

copper graphite brushes resulted in a desired reduction in the

contact voltage drop (as a result of reduced film thickness),

without causing an appreciable increase in the friction-coefficient.

AHowever, these additions, when effective, caused an increase in

the brush wearing rate. A better fundamental understanding of the

reason for the difference in performance between copper- and silver-

graphite brushes is required to enhance future material develop-

ments in this area.

* Additional metal-graphite materials were fabricated by infiltrating

molten metal into basic graphite pore-void structures. The goal

here was to utilize the metal component more efficiently (yielding

equal or better conductivity with less metal) and, simultaneously,

to achieve greater lubricating capability with the larger amount

of graphite available to the interface. Both copper and silver

metals were infiltrated in base graphite materials, achieving

* 4metal mass fractions up to about 0.55.

Results of screening tests revealed no strong advantage by

either silver or copper as the preferred infiltration metal. Very

low brush wear (0.2 to 1.2 mm 3 /M) is characteristic of both

metal grades, being lowest for copper-graphite. Both metal grades

performed in the medium contact voltage range (0.08 to 0.18V

double contact drop) and with medium to medium-high friction

coefficients (0.17 to 0.26).

The contact voltage drop of metal infiltrated brushes was

lower than that of similar composition brushes processed by the

powder metallurgy technique, however, the opposite is true for

the friction coefficients. Thus, the metal appears to be used

more efficiently in the former brushes as evidenced by the

lower contact resistance, but the graphite employed in those

brushes is less effective as a lubricant. More effort is required

to achieve an Improvement in the brush performance of metal

infiltrated metal-graphite grades (lower voltage drop and lower
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friction). This may be achieved by devising methods for incorpor-

ating larger mass fractions of metal in graphite materials possessing

greater lubricating caspability.

*Silver-graphite mat.erials were formulated by the powder metallurgy

processing technique using oleophilic graphite. The goal here

was to utilize the claimed-high lubricating qualities of oleophilic

graphite to improve the friction and wear characteristics of

conventional high metal containing-high current density metal-

graphite brusheg. Based on our screening test results, low to

medium friction coefficients (0.08 to 0.14) were achieved with

oleophilic gkraphite bru.shes containing si~lver mass tractions of

0.8 to.0.9. These coefficients are 1/2 to 2/3 the values exhibited

by simiiar' muaterial brushes containing natural graphite. This

desired lower friction chiaracteristic was achieved with a signifi-

cant unexplained,.increase in brush wer however. and a tendpecy

towards higher interface power losses due to significantly

higher. contact,. voltage drops. Because of the latter results, no

f urther, work is paaued for material development in this area at the

present,

Work was initiado to evaluate ruhmtrlsctaining small

amounts (0.05 mass fr ction) of aolectitd diclialcoganides (molybdeum

disulfide and niobium diselonide). .These are "gelf -lubricants"

not requiring adsorbed vapor&-for their offective lubricating
capablitybut ertk. cobnd with graphite in their brush

waterials, which does. Vreltmifiary te~st rosults reveal that improved

f riction and wear per formauce is achieved. when these materials

are run in dry, rathter 'thl~aiv' 'uist., c aiiotn diouide gas environments.

Further work is planned to confirm these results, to investigate

a wider range of diehalcogonideo addiionsg and to-extend testing

to other ga~s environments ad vith other 811p ring 'mterialm.

Supporting work was4 done to provide increased cooling for

future candidate material brushes tested in the laboratory screening tester.
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Greater cooling than is presently available is necessary for evaluating
2

brushes under the new, higher current density goal of 3.1 MA/m2 . To that

end, an improved ambient gas handling system was designed. The initial

objective of this design was to provide sufficient cooling to permit a

100% increase in heat load on the brushes without a significant increase

in brush temperature. The system consists of a rotating fan attached

to the tester slip ring, surrounded by a stationary shroud. The fan and

shroud provide a surface that is 650% greater than the slip ring alone.

Fixed guide vanes are employed to provide for a minimum rotating gas

velocity profile at the shroud/fan pump inlet. Preliminary brush tests

appear to confirm the system design cooling capability. The brush

teuperature rise associated with present heat loads is reduced by 50% with

the increased cooling system.

3.4 University Investigations

During the first year of the ARPA-funded investigation into

Interface and Material Research on ligh Current Density Solid Brushes,

-three University based investigations have been initiated. These are

with ahe following organizationsA

Syracuse University, Dept. of Materials Science- Prof. R. Vook,

Prof. D, V. Kelle, 11

HIT, Mechanical Engr. Dept* Prof. E. Rabinowicz

N6rthwestern University, ecianical Engrg. Dept. -Prof. R. A. Burton

The objectives for these investigations, the first two of which are

subconLr.cts and the third being a consultancy-type study, are outlined

below.

§Iyacuse University-- Surface Fim-Composition Studies. The

K objective is to elucidate, through experimental and theoretical investi-

gations, the basic phenomena which govern the mechanical, chemical, and

electrical nature of the surface films which are formed at the interface

between sliding solid bodies in which high currents are being transferred.



The use of modern diagnostic techniques (SEM, Auger electron

spectroscopy, RHEED, etc.) and to obtain the required information on

surface film composition is the central feature of the experimental

investigations.

MIT - Materials Science Aspects of High Current Brush 0peration.

The objective of this program is to determine, by experimentation and

ana.ysis, the influence of materials science related phenomena on the

successful operation of high current density brushes. The investigations

will center around the elucidation of basic factors which affect elastic

and plastic contact material behavior, friction, and wear, and the

electrical aspects of brush operation. The influence of the properties of

metal/lubricant materials will be investigated.

Northwestern University - Thermo-Mechanical Behavior of Contacts.

The objective of this study is to apply and extend the results of

available theories on thermo-elastic instabilities in sliding contacts to
-the conditions which prevail in high current density brushes. Super-

temperatures occur locally at the asperity contacts on the brush and slip

ring at which mechanical interaction and electrical current transfer

takes place. Analysis will be undertaken of the stability, growth, and

wear behavior of multiple contact spots of this type.

3.4.2 Prior Work

Surface Film Composition Studies. As described in Chapter 3.1,

relatively little prior work has been undertaken on surface films at

sliding interfaces under conditions that are relevant to those of

interest here; i.e., high current transfer in non-air atmospheres.

I uring recent months, studies using scanning electron microscopy and

Auger electron spectroscopy have been initiated tuder this contraet (see

Section 3.1 of this report).

Materials Science Aspects. A larger number of studies have been

undertaken on the conditions which prevail at sliding interfaces, although

relatively few of these have been with graphitic or other lamellar



materials of the type required to maintain low friction in current

transferring situations. The majority of these studies, while showing

some of the complexities of this type of situation, have failed to provide

clear scientific explanations which are relevant to our situation.

Thermomechanical Behavior of Solids. Apart from the major

studies undertaken by Prof. Burton and his colleagues at N.W.U., relatively

few studies have been undertaken in this area that could be applicable to

high current brushes. A notable exception is the experiment of

IMarshall', 3 1  in which he showed that thermal mounding was present

in high current brushes and that, under extremie conditions, only a single

point of contact -- which carried all the electrical and mechanical

load -was present.

The extension of the tharmomechanical theory to include the

effects of current transfer .As a major feature of the present program*

Comment

It is apparent that, with few exceptionst there has been little

prior work undertakcat which is directly relevant to the conditions that

apply to high currawt sliding contacts which operate in non-air

atmospheres, .. As a consknquenco, the experimental and theoretical investiga-

tions that are planned for the present program are essentially breaking

new ground 4nd likely to lead to new, not previously obtained$ results.

3.4.3 Current Progress

At the time of writing the present report, the programs at the

above-muitioned uiversities have only just commenced,, although subcontracts

have been placed in all cases. A general preliminary workshop for all

program participants was held at the IWcstinghouse R&D Center on January 18

and 19, and individual program planning meetings have subsequently 'een

held with all participants. Current progress is outlined briefly below.



3.4.3.1 Syracuse University

Effort is at present being concentrated on assembling the

experimental equipment necessary to undertake Auger electron spectroscopy

studies, reflected high energy electron diffraction studies, etc.

Several items of equipment have been shipped to Syracuse to

enable studies to begin.

For the generation and evaluation of slip ring surface films,

$two OFHC copper slip rings of the type used in the Westinghouse bench

screening testers have been forwarded to Syracuse. Since some delay is

inevitable in assembling the equipment which will enable these slip

* rings to be rotated within the Auger system, two additional slip rings

that have been operated at Westinghouse have also been shipped for

analysis. As with similar slip rings that are undergoing analysis in

Westinghouse, these latter slip rings have been operated under high (85 w/o)

and medium (55 W/o) silver-graphite powder metallurgy brushes. As
indicated in Appendix 3.1, major differences in wear rate have been observed
in such circumstances, It is the intention that these studies should

discern the reasons for those dife rences.

To minimize the possibility of contamination during transit,

a vacuum-tight staittless steel shipping vessel wa% designed, built, ad

used. Tte rings were maintained in a CO. atmosphiere duriug shipping.

Additionally, to enable electrical work to proceed 4hen the

modified Auger stage liar. been completed, a 250 A dc power supply. htas alao

been lant to Syracuse University for Lse on this program.

3.4.3.2 MIT

~f ortispreenly onentatd on bui,4ing test equipment for

the measurement of frictioa and wear, with brush ;wtertal, and 0n

developing a better background of informatiotin the -electrikcal 'Cottact

aspects related to those two areas.



1

To enable the MIT experiments to be undertaken on representative

materials, samples of graphite, 50 w/o graphite-silver, 75 w/o silver-

graphite, and 75 w/o silver-niobium-diselenide have been shipped to MIT

from Westinghouse. These materials have been characterized during screening

tests on the Westinghouse bench screening testers.

3.4.3.3 Northwestern University

Initial work, undertaken by Chen and Burton has concentrated

on the extension of prior work by Burton to the evaluation of thermoelastic.

effecta in brushes with high currents and high speeds. This is reported

here as Appendix 3.3. The results of this idealized, but representative,

model of a brush-slip ring interface show that cooling of the slip ring

is preferable to cooling of the brush if thermal mounding is to be presented.

More recently, the emphasis has shifted towards an analysis of

an ortlhotxopic brush material, such as that provided by fibers embedded

in a brush. This will be roported at a later date.VA

3.5 Demonstration Machine Program

3.5.1 ObUe ctile a

To demonstrate the payoff tohich will accrue to the use of very

i. high .urrent density brushes in the military environment, specifically in

the drive train of a heavy vehicle.

3.5.2 Prior Vork

In the June 1975 issue of the OIA publication "Electric Vehicle

* Research, Development aud Technology- Foretign (U)", (UST-185OS-403-75),
i the resu,.ts of a competitive trial Involving four vehicles, including a

ACC-developed dlectric drive system, as described in Table 3.3

* - demonstrated the desrability of electric drive for tanks and other

tracked V011cleS.



TABLE 3.3

TANK CHARACTERISTICS

Weight Power-to-
Test Vehicle Engine Output During Tests Weight Ratio

ACEC M-24 162 hp 11,800 kg 13.8 hp/ton

AIX-13 270 hp 14,500 kg 15.5 hp/ton

Standard M-24 220 hp 15,200 kg 14.4 hp/ton

Leopard 1 830 hp 34,300 kg 22 hp/ton

In the words of the DIA report:

'"The ACEC M-24 tank negotiated all test areas: the standard

,-24 failed to clear an 0.8 meter wall during one phase of the test and

was stopped by engine overheating; the AMIX-13 broke down with gearbox

and clutch trouble at the beginning of the speed trials. Only the

ACMC M-24 and a Leopard I tank remained. Although the Leopard has a

power-to-weight ratio of 22 hp/ton, compared to 13.8 hp/ton for the ACEC

M-24$ the latter was faster over the first 40 meters.

The following conclusions were drawn from the trials of the ACEC

electric-drive traceked vehicle:

e. The absence of a conventional techanical traitsmisaion provides

greater flexibility of layout and design of the vehicle. Drive

sprockets can be placea either in the front or roar of the vehicle.

- Space required is much smaller titan for an ordinary transmlssLon.

T transmission veight is reduced,

o Drive training Is much more rapid than for other tracked vehicles.

e Average speed is increased over ground vhile skirting obstacles.

e Electric transmission is inherently very simple to maintain.

. A.t low speeds, steering is continuous up to one-track-locked condition,

with no dead or shifting spots.

e At high speeds* steering is light ad accurate, with no jolting.
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The ACEC vehicle employs dc traction motors which represent the

present state-of-the-art, with respect to current collection and other

machine features. Significant improvement in machine size and weight

are anticipated employing the technology projected in the present

research program.

3.5.3 Current Progress

'While the initial technology assessment task of this demonstration

effort was not scheduled to commence during the reporting period, some

ground work has been done for the selection of representative vehicle

and drive system characteristics. In discussions with U.S. Army Tank

Automotive Research and Development Command representatives, it was

determined that two tentative models should be further investigated

as potential candidates for systems analysis efforts, These systems are

the drive train for the High Speed Tracked Vehicle (light) and the

transmission system specified for the Advanced Developmeut of a Contin-

'V uously Variable Cross Drive Itydromechalunial Transmission (CV -60).
TAPAD.O-t has provided suitable technical data to permit establishment

of electric machine characteristic requirements in preparation for

model syatem configuration definition, The first quarter of the second

annual reporting period will produce selection of the vepresentative

vehicle.
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HIGH CURRENT BRUSHES. III - PERFORMANCE EVALUATION
FOR SINTERED SILVER GRAPHITE GRADES

I. R. McNab and J. L. Johnson
Westinghouse Research and Development Center

Pittsburgh, Pennsylvania 15235

ABSTRACT

In this paper, the results of varying the material composition,
specifically the metal mass fraction, on the performance of silver-
graphite brushes at high current densities (0.8 MA/m2) in a carbon
dioxide atmosphere, have been evaluated. Material properties which
were measured included the brush density, electrical conductivity,
and hardness. These properties were used in the evaluation of the
brush performance when sliding on copper slip rings at a speed of
12.7 m/s. Measured parameters included the contact resistance,
friction coefficient and wear rate. The results of this analysis
indicate that the resistive behavior was dominated by constriction
effects, with the number of contact spots apparently ranging from
2 to 15. The film contribution to the total resistance was small,
the resistivity being less than 6 x 10-13 p.m . Friction measurements
indicated a specific shear strength of 10 to 24 MN/m2 which, if
caused by an adsorbed water film would correspond to a film thickness
in the range from about 2 to 4 Angstroms. Wear rates well into the
microwear regime have been observed, even at the high current
densities used here. However, a satisfactory explanation for the
strong dependence of wear on metal content (from 0.7 m 3/M td
60 mm/Mm)as the metal mass fraction varied from 0,4 to 0.9 has not
yet been evolved.

INTRODUCTION In atmospheric conditions -- such as teuperature,
pressure, humidity, and gaseous or particulate

Earlier papers have described the results of contamination, Since a non-oxidizing gas was used,
high current density (0.8 MA/m 2) metal-graphite the build-up of significant oxide films on the

P. brush operation as a function of the brush and surfaces of the brush and slip ring were also
slip ring materials, I and ga3 atmospheres with eliminated, and the influence of complex film
vapor additives,' It was shown that the brush formation and behavior (e.g., "fritting") on
performance, as measured by the observed contact contact behavior was much reduced.
voltage drop, friction coefficient and wear rate,
was dependent in all nf these parameters. This BRUSH MATERIAL PROPERTIES
earlier work also showed that the brush perfor-
mance was markedly dependent on the proportion of Prior to the start of brush testing on slip
metal tin the brush material. In this paper, the rings, several brush mterial properties were
results of a detailed study into the effects of measured, including density, hardness, and else-
varying the brush material composition on brush trical resistivity. In general, the density and
performance are given. resistivity values were obtained without problems,

The primary variable in this study was the using conventional techniques, and they exhibited
oss fraction of silver in the brush, which was relaLively little variation from bruMh to brush.

varied from 0.45 to 0.90. To elimitate varia- In contrast, the hardness measurements proved
tiona arising from other causes, all the brshes to be subject to wide variations, even on differ-
tested here were supplied by one manufacturer oat portions of the ease brush, Titis almost
and most were processed in a similar way using certainly arose because of the complex nature of
the same raw materials. (Tireo samplem which the two-phase beush material.
were processed differently, using different Measured values of the apparent brush density
naterials, are identified.) Details of tihe manu- (app) as a function of the mss fraction of
facturting processes are not available, althoush silver (00) (manufacturer's data) are given io
it is known that the brushes tested here form Figure 1. Data for the majority of brush gradet,
pert of a standard range of powder-metallurgical processed in the same way (A), are shown as
products. circled points, but the data for three grades,

To minimise the possible introduction of processed differently (B), are sho.n as triangular
uncertainties arising from test procedure Vars- points. The "A" aterials daota fall on a (solid)
tions, all the brush grades were tested, sequen- line which ctn be extrapolated to 9640 klm/ 3 for
tially, on the saw test equipment, using flxed *n & 1.0 and to 2010 kg/O 3 for em - 0. These

operating procedures and measurement techniques. limiting densities, which are not the same as

A controlled, non-air (carbon dioxide) environ- those expected for pure graphite (practical
ent was used, thereby eliminating variation" ultimate 2200 kg/ad) and pure s.ilver (10,500 ka/u 1 )

which could have resulted ftom day-to-day change# occur bocause of cite finite puresity of the
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function of the mass fraction of silver, it is not
12000 physically likely that the same will be true for

the brush electrical resistivity, or conductivity,
Indeed the electrical conductivity is likely to

-o-Prozess A 7 Experimental be dependent on the volume fraction of metal,
-A-D Process 0 Reslt and (although undetermined here)~ geometrical

~ I factors relating to the size, shape, and degree of
interconnection of the silver constituent.
Figure 2 shows the measured (at 20%C) brush

~ 8000

0 0 0. 015
o PrOOeS A

S4000 O . OR

0'0
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200-- 01

0~W11:1
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FIGUE 1. Appwtebte bituM deinat 60 4.Uet-

po'wUy (0p) w~ initc"o.Ud.

processed brush materials. Bailed on 00e Malu'
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Equation (I)i
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*shown by the dashed portion of the curve. TABLE 1. TEST CONDITIONS
FollowinE the recommendations of Holm, Holm -
andShoert atempts were made to ascertain the Slip Ring Speed 12.7 w/s (. 0cds

brush contact hardness for use in subsequent Si igMtra opr(ivrbaig
evaluations of the brush performance. Because of
the complex behavior of graphite, (as discussed, Slip Ring Surface Helical Groove
for example, by Clark, Connelly and Hirst)5 which, Brush Face Area 104 ~2

* even in the absence of a metal constituent, is
known to be a brittle but elastic material, this Brush Angle 15' trailing

*evaluatin. is not simple. Thus, behavior whichBrsFoc8.N
±s neither totally elastic, nor totally plastic, BrhFoc8.N
is to be expected, with the apparent hardness Brush Current :78A dc
being a non-linear function of the applied force. GaAtohe CrnDiie
For the present purposes, an estimate was made of GaAtopee :Crn iid

*the indentation hardness for each of the materials Humidity flew Point : 2C
*by making standard Rock~jell measurements (on the Nube of Brse One PosItive; one Negative

*15W scale with a 3.175 mm die Indenter). Even for
a single brush material, relatively wide variations (ommtakoeain
in hardness were observed and Figure 3 shows tha tal poin~: In all cases, a significant depen-

dence of the measured properties oil the mass, or
volume, fraction of silver was observe4, tn the
M5cas of the aantoct reuibtence, a rapid, iAono-Itonic decrease with increasing fraction of silver

400 was observed, as shown In Figure 4, Vith
I measured values ranging from 5000 OR to 26 VP

(that isby a factor of about 200) as the metal
content of the brush increased from 16 - 0.0 to
0.90. It is likely, as discussed belov, thtat
ti strong dependence io cloaely tolated to the.
electrical. conductivIty of the brtwh rwateria),
whIch had a similarly strong dependence on O4s'1

20Dj) content.
Over the SAse range of OAterials, the

measurad friction eftlopt, show 1 Figure S.:
a PrW A varied Rth "or# slowly -- risting asl

U ~~ a pfccets alinearly U-00 0.09 toV 0.28, that IN* thy a ralloa
of about three.

The meoasure'd wear behwvinr of tho tOUVIOI j brush sortale io shown mn Figure 6. Alhou~h
a ~ Ii ceWtl littl ej eiena daitt .14 avajlable.
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FIGOt&W 1. lpdttl idm 60-de two oeurriog at .4 mast- frattioo ot Ailver 0'*

~ ~about 0.0 WeOU thiis value, chi! V40% rato MAI)
she e Icng encat hadnes vs~eof at he otdas of 1 00 per 106 f.nt 411P ring
Cho oo~zib conactharoeg VAI~o hov atravel ('railig tro 0. 7 to I 11 w3A and

* * iiido.Ablo spread, with a rolavly slight txttodoly lov Uvar rate. A4ove tsi value i~ .
* Ovorii epndn oil the rme-tal contant Of the she t a a intreatiq auch Wor# teplidly -

* h-h ho Nilid lln@ ihown ti filgmre -1 repre- ttiau 1 103 1"0 to 70 cajl* as ** uisadsod frums
soot* t:-tt 1#aAt oquatoo lineAt ratrotsion fit to 0.5t09.
tt 'Oeadurva data.
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During the present. evaluation, it has been found 4
-difficult to provide a cimplete explanation of 10
brush behavior; further measurements of brush
properties, brush performance, and microinterface
structure are required before an unequivocal des-
cription can be obtained. The procedure followed
here has been to derive an explanation of brush
performance in which the number of assum;ptions has
been kept to a minimum.

It has been assumed, subject to further
eMeasurements, that since the specific depth* of

the indenter was not less than 0.03 during the
hardness measurewehts, the observed values of.
hardness corresponded to the indentation hardness. 0 3
:According to Shobert,6 in sliding contacts the 10

. true area ef mechanical contact (At) can be etti.-
mated by the use of the expressio.;-

At - H (4) cr.. "" - t a 8 )

where C relates the average pV@auCue Ur the. begis- '
ang of plastic deformation to the indcthatio " J

. hardness and Is usually about 113. For the pre- ,C: 0
4emk *tspertmentm, the' applied brush toee ?,0 Ft.'as 0~

8 N 0

.1v

contact Resistance
7, total brush resistance (RT) is composed of . .- 10

t v~r~as ib l cprotstrictiotl niec &1~
the film tst+ , ( tene , f . .  ,u a l ,io,•. (&to tals" aid Shaeyt ) ari

-. D .. + .re. -. 0 Process A
, b - Process* ('. . At" .. 1 .

.d' are the bt&h n
tfCAA ralsitt0it.WXtl.%t;e uwktr of Contact

l~t, fit Ulu fI1 tlitiit, And a tonkt_
#I natQpt $i ttu$triW§bw np In

t" " w' ( H sht the .014 0. 6 0.8
Ck Mi%.A- . .....tt aw fv i.- . e" tl t eptat the-- Mass Fraiti of Siver, 10 1

++ * :./ ' ititcract tiit- Atetv may be tw4.1#etedj Crewa+vd m

• . .. .• -.. . +ratue eqfets) Mi+d tite eeasuej nts v#.++'+.o. A. • toc

t ~9~ eticeasa ftton 'at oetul4 en4Ie, MI.Th tih rettanca it iwogkitbie at hlt
ttetw 'Otos~)-tmd.A iA.e~ tal ittiln Vith th't fur rtie ivitV

01-twtlt. t cvlte the f"i tsib.- COe 14imtz_ r. the betin l.st han about 6 k 10,11
Itctl nstnai e~yaa rf. . +£*bt;st .0i bt h n pU *d hett 1* 4 'SA4lv at lo ntei tsactlna. althou h the pit

0"" ", t 1tth P'w.rp<c.tg wnstf cmtim tft t uld IW mt *fr ttd# Uot AllW this to te

ta~-'et.-4 tnm ,ht ceoh s)isttvA, ,oii.. ineu"wtioe+i
"40 "v "''r"lative 10 Xitcttit W10-Tt:t tVsilnl f nO|t-

S 1 t is t ip r v 46w fea - t oo l h40 10 from akb l t s z t ,,e - . tr att t

% -1 w.. ah, S~nt rI1FO 4 otat t at * v V 0 !. g Sl th. ~tus h nd.1 - 0001, this41t thuid not_7"Iy if-~wuaid
-rielient this ehs' tot apwret1 it-vit r

Jan deMetttsoce'towaeJcalto that the nut-bet UL Cttttatt 1fl't15
__________ La dependent on the 4r* tj of t

Us ieh eAtertial, ben lafg'er to, Arflhitit
i 1 tilv dpth e dceu, ot patwttatioe I todis$t d4 ., attrial Sod ;r Ivvr ea lot a#
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Friction corresponds to the inherent shearing of graphite
The observed friction coefficient data has been platelets and is the result oi van der Walls

evaluated using three alternative, though not forces.
necessarily mutually exclusive, approaches. Based on the possibility that there may be

First, a "law of mixtures" type of rule has adsorption of water vapor on the brush and slip
been employed in an attempt to explain the ob- ring surfaces, as suggested by Shobert and used
served variation of . with metal content. Since by Pardee,9 the friction coefficient may be
.is the volume fraction of silver, the area related to the shearing of a pseudo-hydrodynamic

:raction of silver (subject to geometrical anlSr fluid film through the expression:
sur~aze effet's) should be proportional to 0v
:h the rea iraion of graphite being propor- n A v
tional to (1 - 0v25 3). If the friction coef- - t (8)
.±ztents fore graphite and silver are :Gr and 'A Fh

respectively, the overall friction coefficient
sheuld then be: where n is the fluid viscosity, v is the peripheral

g. Ov2/3) Uu 6 velocity, h is the film thickness, and the other
S v2 /3 A&+ (1 - 2/3) (6) symbols have their previous definitions. Using A

from Equation (4) in conjunction with Equation (8)
has permitted the ratio (n/h) to be evaluated.

Using ' A 0.3 and uGr - 0.07, the variation On the assumption that monomolecular adsorbed
given by Equation (6) is, as shown on Figure 5, in water films have viscosities which are similar to
good agreemeut with the observed data. those of liquid water, the film thick ess may then

be found. Using n % 3.6 x 10-' ms/in (for water
_ _ _ _ _ _at 80C) we find that h decreases monotonically

' with increasing metal content of the brush from
.4 about 4.2 x 10"10 m at 0 - 0.4 to about 1.8 x

o P'Kv A m01 at Om - 0 .9. At 9,a .7, h A2.5 x 01m
S t B.corresponding to (an average) separation of the

30 ' a bruth and slip ring surfaces by a single mno-
molecular film of adsorbed water. According to
the theories of quantum tunneling through thin
films, film thicknesss of this order would yield

Sfllm reis1tivitis of 2 V 1-13 QQ-0 2 and lees for

a surface work function of 4 elecztron volts (see
Shobrtt). This is In good auirterot *4ith the

V.11 onelusiongs reached here 4s a result of the,' analysis of the resistanCe %, aurents, It
s"ts plausible to n luu . although with no diret
supportive widenice at Pritsent, that %fit decreaseIlk .in film thiek!toen with Increasii # twtal eoiciwi is

.telat" to the tectet o 0Amtount of surtiac.
. .-. t-. .. . -4 - grAphite. availble for adsoptio.

;Ai"iilj subject to sno d,,,u,,,"n, it ,

iflcA a*bt* Jumdt 01 $eching-tt of the b~rushs hos hoen ACNOVid4
... &t:ss d. S44ztht g.1ive wat it t t' totilawit w hst

car~~*na4j ~ai94dtt&Mcld~. eatta in. Vt this case. ni*Ardr has 4vitittd
that 4". Voluso tt Me igii be relatta to the true

A gietded aPtrosil it to us. the obr.itv'd area of eMntott d t0 ilidilg din .tane (0 by

ftttir. tot ftfeftC itAnd cssurdd Wish hardness the ipresulsat
'ueas,. to defli# a file itharing sbtgth, (a)
V!: gh is givie '  W g costaot a a 1 01

"a" 4,11 (1) ,Cc i i a l constant , fl ,- I I01 s the cfinstan

i LICLaOOi (9), Nola tgives thlt uAtii asi
1iejl t'$; t09 VeasntO- vaiv. g i <P.", iw. find

r-f vt range ifro I t 2 as Alincrn-wes 0s-. )-
I4ti Os o. lugo values l are e1os togI s~~.e ~S 4# li &tiayib"ctr 

1
lulet Of i 5Vi K iy dr l¢. lt' dtinlled as nttI es't

iA - 4W alto a fi&a " leslor ati the tot the val..e of (VI ) 4-V.1 ritu t Pit
valssviuchappy ctin a'ti-~-ota ~harl~ioas valuvts meoaurd t, t the hr 'mhvs IltV-kfl-

±luri. For the t4atto cast., - i1. gVigW gat4d he ve, w lit averie z valv rahgin fft
-; Wi lt*'. I.,t .lctIVeJ ral Is il a ilc 0.jp at 9, "' 0 i Q .b at 9, 0.9. Ua.t is.

Materat thnte t 4 1 id all Values iwere wolkli th ta .reestQ4 Irgita, V44
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1. The brush contact resistance was dominated

1 ]02 by constriction effects with the number of

contact spots ranging from 15 at 0,m 0.4
to 2at 0m = 0.9.

o Process A 2. The film resistance was negligible, with

6 Process B the film resistivity at high metal con-
tents being less than 6 x 10-13 2.m

2
.

3. Measured friction coefficients appeared
to be consistent with a model in which a

0 "law of mixtures" might apply.

10 4. Derived values of the specific shear

o strength (p) fell in the range noted by
Shobert as being applicable for boundary

E. I lubrication. p was significantly higher
2 (up to 10 times) than the value for shear-
E ing of graphite platelets, and significantly

lower (1/15 to 1/6) than the value for

metal-to-metal friction.

0 5. Based on an assumed viscosity for water, a
10 film thickness in the range 4.5 to 2.0 x

10-10 m has been derived. This value is
0 o" in agreement with the value detived from

film resistance considerations.

6. All measured values of the wear rate (w/)
fell into the microwear regime, although a
large (100 to 1) increase in wear rate was
observed as the metal content OM changed

1 01- from 0.4 to 0.9.

0 0.2 0.4 0.6 0.8 1.0 7. In contract with the predictions of

Mass Fraction of Silver, (0 m Archard's equation, the observed wear rate
increased with increasing brush material
hardness, although this was in agreement

FIGURE 6. WeA ptormuancc o6 6itv t-gaphite with Rabinowicz's measurements of friction
brwhez in hwn.diiied ctbon dioZide. and wear with various metal combinations.

the lower values being in agreement with data 8. At present, a clear explanation for the
quoted by Holm. 7  rapid increase in wear rate with wetal

It should be noted that, in contrast to the content is not available, although it may
It soul be ote tht, i cotras tothebe related to the adsorbed film at the

prediction of Archard's equation, the brush wear

rate increased with increasing hardness. However, interface.

in agreement with the work of Rabinowicz,11 on In general, it appears that a relatively good
various metal-metal combinations, we find that, explanation of observed behavior has been
on average, increased friction coefficients are achieved for the electrical resistance and fric-
associated with increased wear rates, ton behavior, but that an explanation for the

Archard's Equation (9) was derived on the wear behavior is lacking, at present. The finding
assumption that wear was proportional to the that the thickness of an adsorbed water film
meeting of asperities on the two contact surfaces. decreases with increasing metal content appears

. On this basis, one may expect the wear rate to be to be reasonable, since it is likely that adsorp-
strongly dependent on the thickness of the tion will be preferentially onto edge sites on
adsorbed film -- perhaps exponentially for a graphite crystallites. Perhaps the most inexpli-
Gaussian distribution of asperity heights. Note cable feature at present is the rapid decrease in

that the wear rate in Figure 6 increased more the number of contact spots with increasing metal
rapidly at a brush metal content (0m - 0.7) for content. In general, because of the improved
which the film thickness became less than a thermal conductivity of brushes with a high natal
monomolecular layer. content, we would have expected thermal mounding

to be less severe as the metal content of the
DISCUSSION AND CONCLUSIONS brush increased, 1 Similarly, an increased wear

rate presumably gives rise to increased production
in the previous section, we have attempted to of wear debris which, having characteristic

obtain a consistent explanation of the brush dimensions greater than the film thickness we have
performance observed with a range of silver- assumed here, should have a pronounced effect on
graphite brushes, The major conclusions that the current transfer mechanism. However, for an
were reached are as follows, assumd typical debris particle having dimensions
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of 0.1 mm x 0.1 mm x 2 x 10-5m (volume -2x
10-7 3) the observed wear rate (w/1) of about
1 mm3/Mn corresponds to the production of one
wear particle only once per slip ring revolution.
Thus, the wear process is a relatively rare event
and, on the average under the conditions of these
experiments, has a relatively minor effect on the
conduction process.
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HIGH CURRENT BRUSH MATERIAL DEVELOPMENT
I. SINTERED METAL-COATED GRAPHITE

P. K. Lee
Electrotechnology Department

Westinghouse Research and Development Center
Pittsburgh, PA 15235

ABSTRACT

The technique for coating graphite powders with copper or silver

by chemical plating and the preparation of the sintered metal-coated

graphite composites are described. A process has been developed for

coating graphite powders of sizes down to 38 um. Metal contents ranging

from 20 to 97 percent, by weight of the final product, have been achieved

by simple and multiple platings. Metallographs of the sintered products

reveal the ideal structure of a continuous, three-dimensional metal lattice

throughout the composite. The electrical resistivities of the sintered

products were measured and are compared with metal-graphite brush materials

fabricated by conventional powder metallurgy and metal infiltration techniques.

As expected, at the same metal contents, the sintered metal-coated graphite

composite always exhibit much lower electrical resistivities than the

conventional materials. The difference in electrical resistivity is

attributed to the metal structure of the metal-graphite systems.
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INTRODUCTION

Conventional monolithic solid brushes for electrical power

transfer in sliding contacts are made of graphite, carbon-graphite, or

metal-graphite composites. Graphite has unique antifriction properties

but also has its deficiancies including brittleness and low strength. The

incorporation of metal (copper or silver) in solid brushes tends to correct

such deficiencies and also provides high current-carrying capacity and low

contact voltage drop and resistance. Solid brushes for certain advanced

electrical power sliding contact systems are required to operate under

2
conditions of extremely high current density (155 A/cm ) and high peripheral

speed (70 m/s).1  Such brushes must efficiently provide excellent

electrical and thermal conduction paths in the contact system and exhibit

reliably long life. The monolithic-type metal-graphite brush is an obvious

initial choice candidate for such systems. However, to meet the practical

requirements of low electrical resistance and low friction drag, efficient

utilization of the brush conducting and lubricating constituents in the

metal-graphite brush structure is necessary.

It has been noted that,2 to obtain maximum electrical conductivity

in a metal-graphite material, the metal constituent must be united to form

a continuous three-dimensional lattice, holding within itself "islands"

of graphite. Matrices of unconnected metal must be avoided. At a low

metal content such a structure can only be produced when the metal is in

the form of thin continuous films over the surface of the graphite particles.

Two main terchniques are known for making conventional metal-graphite brushes.

The powder metallurgy technique2'3 involves the solid-state sintering of
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'1

premolded mixtures of metal powder and graphite powder or hot pressing

4-6
of the powder mixtures. The metal infiltration technique, which is

now widely used for making composites consisting of a low melting metal

and a refractory metal or material, involves pressure infiltration of

molten metal into the open pore volume of a graphite or carbon-graphite

skeletal structure. However, neither technique will provide the most

efficient usage of the metal constituent. A uniform mixture of metal

and graphite powders through mechanical mixing is difficult to obtain,

because of the great difference in densities of the components. Also,

during mixing, graphite powder is smeared over the metal particle surfaces,

reducing the chance for direct metal-to-metal contacts upon subsequent

pressing and sintering. By infiltration technique, since the thermal

expansion coefficients of metal and graphite may differ by a factor of

three or more, the metal filaments in graphite skeletal structure may

not be continuous when cold. Metallographs of conventional metal-graphite

brushes manufactured by these two techniques revealed such metal discon-

tinuities.

7-9
Recent studies of copper-graphite composites indicated that

new materials produced by powder metallurgy techniques from mixtures of

copper powder and copper-coated graphite powder, showed significant im-

provements in electrical resistivity, antifriction, and antiwear proper-

ties when compared to the ordinary products made from conventional

mixtures of copper and graphite powders. Copper coating of the graphite

particles, up to an extent of 50 percent by weight, was reported to be

obtained by an electrolytic plating technique. 7 Further improvement in

coating techniques were achieved by a combination of chemical plus
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10
electrolytic plating. A high plating efficiency was obtained in

these experiments only with relatively large graphite particles, in the

range of 100-160 um. While such large particles may be useful for

making self-lubricating bearings or seals, they are much larger than the

graphite grain sizes generally used in practical brushes. Again,

mixtures of copper powder and copper-coated graphite powder cannot be

uniform due to the wide density differences. In addition, the flake-like

graphite particles cannot be evenly plated by electrolytic deposition

* because agglomeration is generally unavoidable.

To achieve the efficient usage of the metal conducting constituent

in brush material structures, sintering of powders composed only of

metal-coated graphite particles has been the approach followed here. High

metal content has been obtained by multiple chemical plating. Problems

of complete metal coverage over the finer graphite powders have been

solved by thoroughly cleaning the graphite surfaces and by variation of

plating conditions, based on available kinetic information1 11 5 on elec-

troless copper deposition. In addition, known techniques for silver

plating16 powdered materials have been modified for preparation of silver-

graphite brush materials.

The techniques for coating graphite particles down to 38 um

sizes with copper and with silver, and the preparation of the uintered

metal-coatee graphite composites are described in this paper. The

ametallographic structures of such composites are also described, and
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their electrical resistivities are compared with metal-graphite brush

materials fabricated by conventional powder metallurgy and metal

infiltration techniques.

EXPERIMENTAL

Materials and Preparation

Graphite Powders -- Two grades of graphite powders, natural

graphite and electrographite, were used in the experiments. For coating

practice, powders were screened into the following fractions of different

particle sizes (in microns); 150-180, 75-150, 38-75, 38-45, and <45.

Plating Solutions -- Solutions were made with reagent

grade chemicals and deionized water. The silver-plating solution was

cautiously prepared just prior the plating experiment, based on the amotnt

of silver nitrate required for that experiment. For example, 100 ml of

triethanolamine was dissolved in 100 ml of water and the solution was

......--- cooled to 6 to 70C. At this temperature, 34g of silver nitrate was

gradually added in portions of 5 to 6g to the solution with constant

stirring. The temperature of the solution was kept below 10C. The

solution was filtered through a dense filter paper by mild suction before

use*

Apparatus and Procedure

Chemical Plating-- The chemical plating system consisted of an

all glass container and stirring device. The glass container (beaker) was

placed in a water bath for temperature adjustment and control. Plating
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experiments were performed under an exhaust hood. Before metal plating,

the graphite powder surfaces were sensitized and the powder sample was

mildly rinsed with water. A calculated amount of plating solution was

measured into the plating container and its temperature and concen-

tration adjusted; chemical reduction was then effected by the action of

formaldehyde solution. The reducing agent was added to the solution

immediately before or after the graphite powder was dispersed into it.

Vigorous stirring (mixing) was continued until the end of plating when

the evolution of tiny hydrogen bubbles ceased or the copper solution

became colorless. The metal-coated powder was washed with water by

decantation, and then filtered, washed, and finally dried by washing with

ye acetone.

In multiple plating, the coated graphite obtained by decantation

from the first plating operation, was dispersed into a second plating

container with a new batch of plating solution and the plating operation

repeated. As the coated powder became heavier, an amber bottle with a

wide mouth was used as the plating container. The bottle was carefully

capped and vigorous mixing of the contents was obtained by plating the

bottle on an ordinary ball-mill roller.

Electrolytic Plating -- Graphite powders were also coated with

copper by electrolytic plating for comparative studies. These experiments

3.2-7



were carried out in a tilted rotating cylindrical plastic container. A

shallow copper disc fitted to the inside bottom of the container, served

as the cathode. Another copper disc was added to the outside bottom and

attached to the cathode through the center for current passage. The

outside copper disc was also anchored to the shaft of a motor for rotation.

The anode plate (copper or platinum) was suspended from the top of the

container into the electrolyte or plating bath. The tilting angle and

the rotating speed were adjusted to ensure sufficient agitation

in the powder sitting in the container. Electrolytic copper plating

was performed at room temperature.

Fabrication of the Metal-Coated Graphite Materials

Fabrication of metal-graphite materials from the metal-coated

graphite powders includes two major steps: molding in a hydraulic press

and sintering under a hydrogen atmosphere. Before molding, the powders

were dried in a furnace for one hour under a stream of hydrogen

gas to drive any moisture out of the powder and to reduce the

surface oxides on the copper-coated powder. The dried powders were

wetted with hydrocarbons (petroleum ether, for example) and mixed in a

capped bottle on a laboratory mixing roller for at least one hour. Samples

were then charged into rectangular dies and molded under pvessure into

cubes of 1.7 cm side length. The molded blocks were finally sintered for

one hour in a hydrogen atmosphere. The molding pressures, as well as the

sintering temperatures for different metal-coated powders were determined

from a series of separate experiments in order to optimize the electrical

resistivity and the microstructure of the resulting materials.
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Evaluation of the Sintered Materials

The microstructures of the sintered metal-coated graphites were

examined metallographically. The electrical resistivity of the sintered

cubes or bars was measured along the directions parallel and perpendicu-

lar to the molding pressure as an evaluation of the efficiency of utiliza-

tion of the metal conducting constituent in the material structure.

RESULTS AND DISCUSSION

Chemical Metal-PlatinS of Graphite Powders

A series of experiments were made on chemical plating of graphite

powders of various particle sizes, from 180 um down to 38 up, with copper

*: and with silver. Efforts were mainly made to obtain a complete metal

coverage of the powder (as observed under optical microscope), by

controlling the chemical plating conditions. Typical results are

* summarized in Table I.

It was found that successful plating (complete metal coverage

* and high plating efficiency) of graphite powders by the chemical plating

technique depended-upon two main factors: cleanliness of the powder

, surfaces and particle size of the powder. Pretreatment of the graphite

; owders by heatiag in a.furoace under hydrogen atmosphere was found

:to be very beneficial to'improve the metal toverage during platig.

The surface impurities and any organic or grease contaminations from

the original graphite processes are believed to be removed by such heat

" . ..... treatment.
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TABLE I

TYPICAL RESULTS OF CHEMICAL PLATING
OF GRAPHITE POIWDERS

Metal
Graphite Content In

Run Particle Size Final Product
No. Jim_ _ __ __ _ __ _ _ _

-Copper Plating

W 2 150-180 36.6

WA 15 75-150 41.5

WA 22 <45 (E*) 53.0

WA 29 38-45 -

Plating)

Silver Plating

'A5 5-18015 22.8

W 9 75i-150 34

'A is 45-75(E) 51.9

W ' 32A 38-45

(Multiple 86.0
Plating)

WA 32B (Prodtwt of 320).

(Multiple 97.5
Plating)

*()indicates electrographito. Others wve natural

graphitce.
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Heat treated powders, with particle sizes within 75 to 180 pm,

can be plated without difficulties. However, for powder sizes down to

the 38 to 75 um range (Run bNos. WI, 2', 29, and 32 in Table I), complete

plating coverage can only be obtained by using a larger quantity of

solution (50% more than for large particles) and by plating in a

dilute bath at a slightly lower temperature. Since finer powders

exhibit larger surfaces per unit weight and since chemical deposition of

* metal from solution o.curs only at catalytic regions of the substrate

surface, increased exposure to the sensitizer and activator in the plating

process resulted in an Increased coverage of the adsorbed sensitizing

species and, hence, of the catalyst (generally silver or palladium

in copper plating) on the graphite surfaces. The chemical plating process

is autocatalytic and the metal deposition rate is proportional to the

metal concentration in the plating solution as vell as to the total surface

area of the powders in the plating system. Rapid deposItion would lead

to a non-uniform plating and coverage. Apparently, the use of a more

dilute plating solution and a control of the ratio of total surface area

of the powders to the volume of plating solution are the key factors for

complete plating coverage on fine powders. Lowaring the plating temperature

helps the metal depvsits to grow more uniformly, however, the surface

redactioa would:not initiate over a long period when the temperature was

inadequately low+.
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A thick metal-coating on fine graphite powders was obtained

by multiple chemical plating (W29, 32A, and 32B in Table II). With this

technique, the desired percentage of metal coating on graphite powders

was easily achievcd by controlling the amount of plating solution in the

last plating step. The growth of the metal deposits was random and three

dimensional. One electron-micrograph of a typical silver-coated product

(W32B, 97.5% Ag by weight, initial particle size 38-45 um) is shown in

Figure 1. The heavy silver coating is porous and polycrystalline but the

particles are well covered by the silver deposits.

Chemical Plus Electrolytic Metal-Platings

Several experiments were made in which graphite powders were

copper plated by chemical plating .:Ld then followed by electrolytic

plating. Attempts were made to obtain a thick, uniform metal coating on

the graphite particles. The graphite powders were lightly coated chemically,

with copper to 36 to 37Z by weight. Without drying, the copper coated

powders were transferred into the electrolytic bath and the plating

continued electrolytically. By this technique, a more compact metal

coating was obtained but the plating process was time consuming. For

example, after plating a 20g sample for 1-1/2 h, the copper .coatings only

increased to 58.8% by weight (Run No. Wi) in one experiment and to 61.11

by weight (Run No. W3) in another experiment, Several probes w ere

encountered in electrolytic plating and vere not solved. Agitation of

the graphite powders in the electrolytic container bath wa4 very

ineffective because of the flake nature of the powders and because of the

wide range of particle sizes olk the powdera. Agglomeration of the particles
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on the surface layer of the powders was unavoidable when plating for a

short period of time. That is, a uniform and thick metal coatiug could

not be obtained by the electrolytic technique.

Effects of Fabrication Conditions

To optimize the fabrication conditions (molding pressure and

sintering temperature), one sample of copper-coated graphite powder (W15,

41.5 w/o copper) and one sample of silver-coated powder (W9, 34 w/o

silver) were separately molded and sintered into solid blocks at several

different pressures and temperatures. The apparent densities and

electrical resistivities of the sintered materials were measured. It

was found that the apparent density of the material generally increased

with the molding pressure. However, the electrical resistivity varied

differently with both pressure and temperature. For all materials tested,

the electrical resistivity decreased with increasing molding pressure

when sintering temperature was the same. BUt the electrical resistivity

measured in the direction perpendicular to the molding load tended to

increase slightly at the highest pressure investigated. Under the high

molding pressure, the metal coatings of the graphite powders could be

damaged to a certain extent, resulting in exposure and comminution of some

graphite particles in th, interparticle contacts. As the sintering tempera-

ture increased, a volume growth in the direction of the molding load became

noticeable. The electrical resistivity of the material molded at lower

pressure but sintered at higher temperature was generally much higher than

that molded at higher pressure and sintered at lower temperature.
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Characteristics of the Sintered Metal-Coated Graphite Materials

The microstructures of the sintered metal-coated graphite

materials were examined metallographically. Typical examples are shown

in Figures 2 (W15, 41.5 w/o copper), 3 (W9, 34 w/o silver), and

4 (W32F, 97.5 w/o silver). Figures 2 and 3 show the structure of

graphite materials having low metal contents but for which the micro-

photographs clearly show a continuous, three-dimensional metal lattice

throughout the bulk structure.

The electrical resistivities of the sintered metal-coated

graphite materials were measured and the values plotted as a function of

the metal content are shown in Figures 5 (sintered copper-coated graphite)

and 6 (sintered silver-coated graphite). In these figures, the

,resistivities of commercial copper- and silver-graphite brushes fabricated

- by liquid metal infiltration and powder metallurgy techniques are also

included for comparison. The overcll electrical resistivity of the

present materials is constantly much lower than the commercial materials

and the advantage becomes progressively greater at lower metal contents,

For example, the electrical resistivity for the sintered silver-coated

graph.ite materials is 6.0 un-cm at 75% silver and 44 un-cm at 50 silver,

compared to 18 un-cm and 410 ull-cm, respectively, for the commercial

silver-graphite brush materials. With a low metal content, the metal

particles in conventional brush materials are widely spaced while in the

present materials a continuous metal phase is retained. This explains

the differences in electrical resistivity and also emphasizes the need for

rigid control of the ultimate arrangement of the metal and graphite in brush

materials.
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FIGURE 1. Electrornicrograph of silver (97.5 w/o)-coated
graphite particles (graphite particles, 38-45 umn).

F~IGURE 2. Metallograph of sinitered copper (41.5 w/o)-coated
graphite (cross-sectionalI face perpendicular to
molding load; graphite particles 75-150 4m~).
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F~IGURE 3. Metallograph of sintered silver (34 w/o)-coated
graphite (cross-sectional face perpendicular to
molding load; graphite particles 75-150 umn).
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Curve 693543-A
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THERMOELASTIC EFFECTS IN BRUSHES
WITH HIGH CUREMNT AND HIGH SLIDING SPEEDS

by

C. P. Chen and R. A. Burton
ME/AS Dept., Northwestern University

Evanston, IL 60201

Abstract

Experimental results in the literature indicate that electric brushes

may deform, leading to point contact with the slip ring at high current

levels. The present work provides theoretical support for these observations

and a quantative statement showing how operating variables influence this

behavior. The analysis is restricted to a two dimensional model of the

brush, with isotropic and constant material properties. The most unexpected

result is that, for steady current .flow, cooling of the exterior of the

brush increases the tendency to deform unfavorably.
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INTRODUCTION

The electrical brush may, in idealized form, be thought of as a

wafer shaped object making contact with the moving surface of a steadily

turning cylindrical body, or slip ring. The line of contact would be

parallel with the axis of the cylinder, and the sliding would be perpen-

dicular to this line. Even when no current passes through the line of

contact, frictional heating may deform the brush, causing contact to

transform from a uniformly loaded line to one or more discrete patches.

This is the result of the tormation of thermal asperities which move

slowly across the contact zone. These thermal asperities are often

several multiples of the height of the initial roughness or waviness of

the brush face, and the peak of each corresponds to a small region or

patch of contact with the slip ring, which may be highly stressed as

well as hot. Several studies have clarified the nature of the transition

to patch-contact in the absence of current flow, and Dow has verified

3 4
* the theoretical predictions experimentally. Kilaparti has investi-

gated the role of wear and other factors at work in the limited zone of

contact.

Approaching the problem from the electrical side, Marshall has

shown that a similar formation of heated contact patches occurs in

brushes carrying high levels of current. McNab has reviewed

the problem of brush wear and has noted ambiguities in the. literature

as to the combinted effects of current, load and speed. Undoubtedly

these interactions are complitated by the fotmation of patch contact.

The present study is iatended to provide an analysis which incorporates

both frictional heating and current flow, and establishes how these and

other factors interact to determine contact patch size, stress level and

temperature.
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STATMENT OF THE PROBLEM

A two dimensioual brush of unit thickness will be assumed, of

roughly the configuration shown in Fig. 1. It is approximately in

the form of half a circular disk and has a flat side or edge. Near

the center of the edge is the contact patch of width 21. The outer

circular boundary will be taken as an isopotential line over which

a uniformly distributed current passes into the brush. Current exits

through the contact patch. Assuming the electric field is quasistatic

it will obey LaPlace's equation; and once the potential distribution

is determined, the distribution of electrical heating may be found.

The resultant temperature field can be obtained in two steps. First

a Solution is obtained for the condition that electrical heat only flows out

through the contact patch, and that all other boundaries are adLabatic.

..-Next a solution is found for heat flow into the contact patch and out

through the curved surface of radius R. By superposing these two solutions,

suitably scaled, any combination of heat flows through the patch and outer

surface can be produced.

Once the temperature fields are specified, the thertal displacement

of the boundary can be calculated. In many instances a rounded bulging-

out of the contact patch will be predicted, and through application of

Hertz's theotv o contact of cylindrical bodies the conditions can be

* found where the tontact patch would indeed be pressed smoothly against

*. the slip ring surface with a cootact-free gap to either side.
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METHOD OF ATTACK

Because the thermal and electrical problems can easily be solved

in an axisymmetric configuration (see Fig. 2), it has been found practical

to transform these solutions into a very close approximation of the chosen

configuration, by conformal tratnsformation. Once the temperature fields

are so generated, a simple integral equation can be applied to determine

the deflection of the edge of the wafer,

A Green's function for edge deflection can be generated through

determination of the deflection distribution produced by a small patch

of elevated temperature at an arbitrary position in a semi-infinite plate.

This can be found by adaptation of the equations for stress and deflection

8
in a heated axisymmetric body in plane stress. In Fig. 3 is shown the

body with the uniform temperature patch of radius 0. Disregarding for

the moment the broken-line construction also on the figure, we note that

for points external to the patch the stresses and deflections are given by:

2 2 2
a. -O TC/2(x + )!i =r

2 2 2
a" ETC /2(x + y2)

U - (1+) +dTC 2/ 2  y2 (1)

Using the method of images as shown by the broken lines in Fig. 3,

we may superpose the fields produced by two temperature sources equidistant

from the x-axis, and find that on the x-axis:

2a~

Ui.3 (6
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By application of the integral equation derived in Ref. (9) for edge

displacements of a plate having an edge load a ,we find the normal

displacement of the edge, 8, to be:

8 2T a%4a xd (3)

2where is a dummy variable. Integrating and lettIng 7-c =dAis one finds

that 6 is the deflection of the plate edge at x =0, caused by a temperature

patch T dA~i at the position xi, y

i yi

When there is a continuous distribution of temperature in the body the

influences may be summed to give

4a* + (4)l~a xIzniy/xV ' T(4
TT (x + y

As it stands this equation gives the disp'.dcement at the origin of the

coordinate system, but a simple. geometric transformation will cause it

to apply at xa

~2 '.2 - 2 2

It is oi practical interest that the second term in the brackets has only

a small influence on relative displacements In the contac' patch.
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TEMPERATURE SOLUTIONS IN THE AXISYHTRIC PLATE

For the case of simple conduction through the cylindrical surface of

radius Csee Fig. 2, LaPlace 's equation for temperature will be satisfied

by

T0  T(r) - Q/ItI)h(r/C) (6)

where Qb is the heat flow moving radially outward, T is the temperature

of the inner cylindrical surface and T(r) is the temperature at arbitrary

r interior to R.

Turning now to the question of electric current flow, o~ne finds by

analogy

e(r) w-~ £n(r/6)()

Noting that electric heat generation will be given by

q * de 2()

it follows that the total electrical heating between r and R is given by

Q~r)* L n()(9)

irrespective of the direction of current flow. The maxcimum magnitude of

Q would be

and oul berealzedas eat flow through the inner surface, if all

heat flow were blocked at the boundary, P,. Under the same boundary

condition, we may write at any r,

cIT 1 --Q(r) -L£
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and it follows that

Le In(r/R) 2

T(r) -T(R) *T ~ (/)(1

Th~is may be rewritten as

T(r) -(R ' ne/ + 21 l(/r) + (12)
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CALCULATION OF SURFACE DEFLECTION

As stated above, solutions in the W-plane were to be obtained from

the axisymmetric Z-plane solutions by conformal transformation. To 'this

end the Zhukovsky transform may be applied..

W z + l/z (13)

This-may be rewritten as

z W+[ V' 4? /2 (14)

Hence for any W, expressed as a complex niuber x + iy, there will be a Z,

which can be expressed as rei~ Knowing r, one may use Eq. (6) or (12)

as appropriate, to obtain the temperature at the point and at the corre-

sponding W-poiat. The. usia -of the transform on the electrically heated

field is'pernissible because the quantity

q + ~(5

jjj,, transfqrms such tha-t

(4>dW 2

q(z) qN'** (16)

See Ref. (10). Once values. of T -are ktoi at -poicnthWp.nei

is P~ossible, to ev %i tie -the int egral of Eq, (5) 4t various values of ~

~on outo~ a psibeonly for the- case..of -sim~ple heat transfer

(seE.(6> aosequent'ly, tha -space Was subdividad into a net. of points

and tho influences of aa~h'were sumzed. The simple heitfos uc u

ptovided a. oheck on the accuraqy of t su*mtion procedijre.. Results are

.reportcd here as:.the dif feromce inii disk1acamemt be icn cont14act centar

Ap edge or
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For the case of simple heat flow radially outward, the exact solution is:

t = - (0.5708) (18)
th IrrK

By numerical integration (for R/e 1000)

6 = - (0.5715) (19)
th irK

The close agreement gives confidence in the numerical procedure, so it

may be applied to the case of electrical heating with all of the heat

passing outward through the contact patch, drawing upon Eq. (12) for

the temperatures, and noting that any component of the temperature distri-

bution that is constant throughout the field will not contribute to defor-

mation of the boundary, therefore it will not contribute to . The result

of this numerical integration isi1 UQ
0.7636

e " T -0.5708 + .R/) (20)

This result is interesting in two respects. First it represents

an indentation rather than a protrusion of the surface, and second it is

dependQnc on the size of the brush, R. In the first we note simply that

for heat to be removed through the contact patch the lowest temperature

must be at the contact surface, hence a deficit of temperature there and

the rasultant indentation.

The second effect is the result of the fact that the more material

through which current is passed the more heat generated.

The combined displacement for electrical heating and brush cooling

may be obtained by superposition of

d Ah

or
" qe " Qb0. 7636

0-78Q 1) (+
a C

Since Qb represents heat passing thrcugh the outer surface of the brush

it may be thought of as a measure oi cooling, Ii the brush wore insulated

would be -Oro. With some forced cooling Q/Q might be any value up to

or exceeding unity.
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COBINED EFFECTS OF FRICTIO.AL. AND ELECTRICAL HEATING

Frictional heating of the contact patch is given by

Qf =V

where V is sliding speed, P is contact load and P.~ is friction coefficient.

Recalling that

Q (IP /T) n(2R/.Z) (22)

one may write

Qtota. Qe + Qf (23)

We now note that with isolated slip ring and cooled brush could have
Ab

as its upper limit Qttl Hence the maximum value of 6, given by Eq. (22)

* would be

A -at 0.7636
max totL e + .n(R/C)~ (24

For convenience call the quantity in brackets Yo (in Eq. (24)) making

6 * (/4IK) (Y) (25)

Let us now draw upon the well known relationship for Hertzian contact

6 P/l.72E (26)

where 5is the distance thie center of the contact is indented relative

to the edges of the contact. It follows thait if the thermal bump is

pressed flat, to assure fa.ll contact over the region 21,
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Here it is assumed that the deflection of the slip ring is negligible

relative to that of the carbon, therefore only the Young's modulus E

of the carbon brush need be considered.

In Eq. (27) it is seen that 2 increases with brush load P. Increasing

of cooling of the brush causes y to increase and causes 2 to be smaller for

a given load, an adverse condition. Although the derivation is not valid

for large I relative to brush size R, nevertheless the condition A = R

provides a criterion as to when thermal effects are beginning to be important,

and for << R the equation should serve to predict contact patch size.

To obtain contact temperature one need only to refer to Eq. (5,12)

and superpose the magnitudes of T(r C ), thus giving the elevation of

contact temperature above brush temperature T(R). To obtain contact stress

note that its mean value would be P/2A.
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W-plane-'

Fig. 1. Ideal.ized configuration of bm~sh. Outer surface R is13opotential, and the contact patch is -,L 'x <c .

Z-plane

Fig. . Axisymetic configuration, vith ininer radius coand outer radius a.
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Fig. 3. Illustration for obtaining Green's function for surface
displacement produced by small element of elevated temperature
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LIST OF SYM1BOLS

A Area of face of brush

E Young's modulus of brush

e electrical potential

I current per unit of thickness of brush

K thermal conductivity

half-width of contact

force per unit of thickness holding brush against slip ring

Q heat flow per unit of brush thickness

q heat flow per unit of area

r radial position in transformed Z-plane configuration

R outer radius of brush

T temperature
u displacement

V sliding speed

W complex number representing position in W-plane

coordinate of position

y coordinate of position

Z complex number representing position in Z-plane

coefficient of thermal expansioa

y dimension-less quantity in contact equation

6 surface displacement

C1/2

position on surface where displacement is given

fI riction coefficient

dummy variable

angular coordinate

! .electrical resistivity

norma l stress

IT shear stress

angular coordinae
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